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ABSTRACT
A structural product made of recycled plastics in standard sections similar to 
dimensional lumber is referred to as plastic lumber. The recycled plastics used in the 
manufacture of these members include high density polyethylene, polyethylene 
terephthalate and polystyrene. Plastic lumber is a viscoelastic material possessing 
mechanical properties that are time and temperature dependent. This structural 
product is currently used primarily in non-load-bearing and low-end structural 
applications because of the non availability of engineering data and concerns about 
its creep behavior.
Creep, which is the time dependent deformation under constant stress, is high 
for plastic lumber and is temperature sensitive. A good understanding of the creep 
behavior of plastic lumber is important in the design of structural members since this 
process is often controlled by serviceability rather than by its strength.
This dissertation presents an in-depth study of the flexural creep at different 
stress and temperature levels for plastic lumber. Different methods for modeling the 
creep response of plastic lumber are presented. These methods include rheological 
models and mathematical functions based on statistical analysis. The goal of this 
study was to develop models for predicting the long term behavior of plastic lumber 
utilizing relatively short duration creep test results. These predictive models are useful 
in that they eliminate the need to conduct elaborate and expensive long-term creep 
tests at different temperature levels to establish long-term response of these 
members.
This investigation shows that the long-term deformation of plastic lumber
elements under constant load can be several times the initial elastic deformation. In
addition to presenting models to predict the creep behavior of plastic lumber,
xiv
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procedures for determining the strength, based on specified failure criterion, 
corresponding to different durations of sustained loading are also presented.
xv




The utilization of polymers in a wide variety of products has been increasing 
over the past several decades. Plastics are replacing traditional material such as 
steel, aluminum, copper, and wood in several areas of manufacturing. The tonnage of 
plastics currently produced in this country is nearly double the combined production of 
steel, aluminum and copper. Large amounts of plastics become solid waste after their 
first use. In 1970, of the total solid waste in the country, 3% was plastics. In 1984, the 
plastic solid waste increased to 7%; in the year 2000, the plastic waste is expected to 
grow to 10%; and, by the year 2013, plastic waste is projected to be 16% of the 
municipal solid waste stream by weight and 30% by volume. Plastic waste amounts to 
approximately 14 million tons of municipal plastic waste and 21 million tons of 
industrial plastic waste annually. The amount of plastic waste going to the nation’s 
landfill is rapidly approaching the tonnage of timber that is processed by the nation’s 
forest products industry for construction applications.
Plastic lumber (PL) is a construction product made of recycled plastics in 
standard sections similar to dimensional lumber. Polymers that can be recycled are 
called thermoplastics because they can be re-heated and cooled many times. The 
main plastic waste components of plastic lumber are generally high density 
polyethylene (HDPE) used in milk and juice containers, low density polyethylene 
(LDPE) used in many packing products, polyethylene terephthalate (PET) used in 
soft-drink bottles, standard polystyrene (PS) and expandable polystyrene (EPS) used 
for packing and coffee cups. Structural composite elements made from a mix of these
1
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polymers have mechanical properties somewhat different from any of the individual 
polymers. Recycling normally causes a reduction of the mechanical properties due to 
a general thermo-oxidative degradation, branching and crosslinking. The single 
obstacle to recycling plastics is the need for a practical, low-cost method of separating 
plastics. For the production of plastic lumber, the plastic waste only needs to be 
cleaned and granulated. However, for quality control, it needs to be separated by type 
of plastic.
Plastic lumber possessing satisfactory mechanical properties has the potential 
to replace many traditional materials used for structural applications. The primary 
material that plastic lumber is targeted to substitute in structures is dimensional 
lumber (wood) which is used for floor joists, roof rafters, wall studs, columns, posts, 
decking, and piles used in bearing and tendering systems in bridges. While plastic 
lumber has many desirable characteristics such as high impact resistance, corrosion 
and chemical resistance, permanency of color, easy maintenance and processing, 
resistance to biological degradation in marine applications, it has key weaknesses 
that affect its suitability for structural applications. Plastic lumber has high creep 
tendency, low modulus of elasticity and temperature sensitivity.
These properties have limited the use of plastic lumber to non-load-bearing 
and low-end structural applications. A better understanding of the creep behavior and 
temperature sensitivity of this material could assist in utilizing this material for slightly 
higher level structural applications. Gaining this understanding requires that 
multivariable studies be conducted for considerable lengths of time and this entails 
expensive experimentation.
It is important to know the creep behavior of plastic lumber since the design of 
many structural elements is controlled by the stiffness of the member rather than the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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strength. Additionally, like wood, plastic lumber can support higher loads for short 
duration. For structural wood, the Load Duration Factor (LDF) is defined as the ratio of 
a sustained stress which induces failure at a given time and the sustained stress 
which induces failure at 10 years. The LDF is necessary to establish allowable design 
values, and, unlike for wood, there are no recommended LDF values for plastic 
lumber. Thus, a careful evaluation of the mechanical properties of plastic lumber is 
imperative.
1.2 Objectives and Scope of Research
This study was undertaken to gain a better understanding of the creep 
behavior of plastic lumber and to develop the prediction methods required to enhance 
the utilization of plastic lumber. The specific objectives of this study are to:
1. Perform short-term and long-term flexural creep tests on typical plastic 
lumber products at different temperature and stress levels to obtain creep 
response data.
2. Investigate the validity of analytical models to predict the creep behavior of 
plastic lumber and develop empirical models based on the creep data.
3. Investigate the influence of temperature on the creep response of plastic 
lumber and develop procedures for estimating the influence of temperature 
on creep.
4. Develop the Load Duration Factors corresponding to specified strength 
criteria.
This study is a comprehensive investigation of the effects of time, temperature, 
and stress on the flexural creep of plastic lumber. For this purpose, three different 
temperatures and two stress levels were used to test specimens of 2x4 and 2x6 
nominal cross sections. The specimens were tested under sustained load for 700
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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hours. The specimens were tested according to the ASTM D-6112-97 “Standard Test 
Methods for Compressive and Flexural Creep and Creep-Rupture of Plastic Lumber 
and Shapes”.
After this introduction chapter, chapter 2 presents a literature review of the 
work that has been conducted in this area. The limitations of these earlier studies and 
the need for further investigations is discussed. The basic theory of viscoelasticity, the 
mathematical equations used to model the creep of materials, and the temperature 
effects in polymers are also presented in Chapter 2. Chapter 3 presents the flexural 
creep methodology used in this research in accordance with ASTM D-6112-97 
“Standard Test Methods for Compressive and Flexural Creep and Creep-Rupture of 
Plastic Lumber and Shapes". Chapter 4 presents the analysis of the experimental 
data with particular emphasis on deflection, strain, and creep modulus. Chapter 5 
deals with the different creep models for plastic lumber. Empirical models involving 
time, temperature, and stress as variables are developed. A mechanical 
four-parameter model based on viscoelasticity theory is proposed to model the creep 
response of plastic lumber. All the models are compared with the experimental data. 
The best models for predicting long-term response are examined and recommended. 
In chapter 6, the Load Duration Factors for plastic lumber corresponding to three 
different failure criteria are determined. Finally in chapter 7, the conclusions of this 
research are outlined and recommendation for future work in this area are made.




Plastics have been used since the early eighteenth century. In 1835, the term 
polymer was first used by the chemist Regnault when he synthesized the plastics vinyl 
chloride (Richardson, 1989). John W. Hyatt began the production of synthetic plastics 
in 1868 in the USA. In 1909, Baekeland began producing commercial plastic products 
using the trade name bakelite. From the period of 1909 to 1954 several polymers like 
phenol-formaldehyde, polyvinyl-chloride, acrylic, polystyrene, silicone, polyethylene, 
and epoxy were synthesized. Plastics technology emerged with the introduction of 
these new polymers.
The applications of plastics in architecture began in 1954 (Levitan, 1997). 
Plastics were used for wall panels and partitions supported by steel frames. Plastics 
were limited to these uses because of cost and low strength. Fiber glass-reinforced 
plastics (FRP) applications started in the early 1960’s. These plastics were used in 
structures like shells and domes. During the 1970’s, the plastic industry was in the 
ubronzen age; with many polymers introduced into use. The recycling industry was 
bom in the late 80’s in recognition of the potential for application of recycled plastics 
in a wide variety of products and the need to minimize the environmental impact of 
waste plastics. The main sources of plastic waste are: 1) the industrial plastic waste 
that consist of waste generated by various industrial sectors such as the resin 
manufacturer, fabricator, compounder, reprocessor, assembler, and distributor; and 
2) post consumer plastic waste that consists of discarded consumer products 
(Richarson, 1989). Big amounts of plastic waste come from many packing containers
5
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that can be recycled. Polyethylene is the most abundantly used polymer in plastic 
containers followed by polystyrene and polyethylene terephthalate. High density 
polyethylene and polyethylene terephthalate comprise almost 80 % of the plastic used 
to produce bottle containers (Renfree, 1991).
2.2 Plastic Lumber Studies
The mechanical properties of plastic lumber have been investigated at several 
universities in the USA. However, the lack of standard test methods and specifications 
for this material until very recently has been an impediment to the acceptance of this 
material by consumers and building officials, even for low-end structural applications. 
Other factors that affect the acceptance of plastic lumber are its low mechanical 
properties, lack of experience with the material, and lack of knowledge in using the 
material in construction.
Renfree (1991) at Rutgers University conducted an investigation of the 
mechanical and physical properties of recycled polymeric materials called New Jersey 
Curbside Tailings (NJCT). The base materials of the NJCT are high density 
polyethylene, polyethylene terephthalate, and polystyrene. The NJCT materials were 
molded into lumber-like profiles and subjected to compression and flexural tests. The 
product profile utilized for the mechanical testing were 2.5”x2.5" in cross section and 
95 inches in length. Each bar was cut into 5 inches long specimens to obtain the 
density of the material and perform compression tests. The flexural tests were 
performed on 15 inches long samples using the three point bending tests 
recommended in ASTM-D790 standards for plastics. In this investigation an attempt 
was made to perform all the tests in accordance with the ASTM standards (D792, 
0695, 0790) for plastics. However, all the tests specifications were not satisfied. In 
the case of the flexural tests the recommended minimum support span length to
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depth ratio for the test specimen was 16 and this was not used. Therefore, the results 
obtained in this investigation can be used only for comparing the tests results 
obtained in these particular samples. It was found that the mechanical properties 
varied along the length of the profile and were higher in the midsection. Values of 
0.919 to 0.944 were reported for specific gravity. The compressive modulus varied 
from 114,600 psi to 115,300 psi. The compressive yield stress ranged from 2,580 psi 
to 2,820 psi and the compressive strength from 3,050 psi to 3,250 psi. The flexural 
modulus was not computed because the tests were not appropriate to obtain these 
values. This investigation concluded that it is possible to produce structural elements 
from the mix of post-consumer plastic waste. The profiles made with the NJCT plastic 
materials had reproducible mechanical properties and these properties could be 
improved by using different types of waste plastics. Based on his study, Renfree 
recommended the investigation of the creep properties of the recycled materials.
Rackmales (1992) at the Florida Institute of Technology investigated the 
temperature effects on the short-term flexural properties of plastic lumber. The 
composition of the plastic lumber used in this investigation was 33% each of high 
density polyethylene, low density polyethylene, and polypropylene. The temperatures 
used in this investigation were -40 °F, 32 °F, 73 °F, 100 °F, and 150 °F. The flexural 
tests were performed in accordance with ASTM 0790-81 “Standard Test Methods for 
Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating 
Materials”. The test specimens had a 2x4 nominal cross section and were 30 inches 
in length with a support span of 24 inches. The specimens were loaded at midspan 
and conditioned at each temperature level for 48 hours. The method used to condition 
the specimens at each temperature level was different but all the test were performed 
at room temperature. A heavily insulated polystyrene chest filled with dry ice was
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used to prepare the specimens at -40 °F. A commercial refrigerator was utilized for the 
32 °F temperature. The specimens tested at 73 °F were just stored in the lab and for 
the test temperature of 100 °F the specimens were conditioned in a hot water bath. 
Finally, for the test temperature of 150 °F the specimens were conditioned into an 
oven used to dry soil samples. Fifteen samples were tested at each temperature but 
due to a computer malfunction data for only five samples was recorded manually and 
used to determine the flexural modulus of elasticity. It was found that the initial 
tangent modulus of elasticity varied from 306,000 psi at -43 °F to 58,100 psi at 150 °F. 
The ultimate flexural strength varied from 6,500 psi at -43 °F to 2,200 psi at 150 °F. It 
is important to be note that in this investigation the methods used to condition the 
specimens at each temperature were very different and all the tests were performed 
at room temperature. Because of this approach the results obtained may not be 
reliable, but it can be concluded that temperature has a significant influence on the 
mechanical properties of plastic lumber. Rackmales also recommended the 
investigation of the creep properties of plastic lumber.
Locked (1993) at the Florida Institute of Technology investigated tension, 
compression, flexure and flexural creep propedies of plastic lumber manufactured by 
Superwood of Alabama. Creep deformations in Superwood’s plastic lumber under 
sustained loading were observed to range between 3 to 5 times the initial deflection. 
The creep tests performed by Locked were based on the ASTM D2990 “Tensile, 
Compressive, and Flexural Creep and Creep Rupture of Plastics” (ASTM D-2990, 
1981). The specimens had a 2x4 nominal cross section and were 30 inches long with 
a suppod span of 24 inches. In these tests, the total load on the specimens was 
applied at midspan. This load configuration is called single-point loading or three-point 
bending. Only three specimens were tested at each stress level instead of five
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recommended in the new ASTM creep testing standard D-6112-97. Locked used a 
test jig where the specimens were placed in a water bath to control the temperature. A 
test was also performed under dry conditions to evaluate the effect of controlling the 
temperature with water. The tests under dry conditions were performed at a room 
temperature of 73 °F. The conclusion was that the average creep modulus for the wet 
samples was only 6% lower than the modulus obtained from the dry samples. Figure
2.1 shows graphically the typical creep results obtained by Locked for the dry 
conditions. This figure also shows that a higher initial stress produces larger strain, 
but the creep rate is similar at different stress levels. It was found that the flexure, 
compression, and tension propedies determined at ambient temperature for plastic 
lumber obtained from different manufacturers had a variation as high as 30% for a 
given manufacturer, and as much as 300% between manufacturers. Another 
conclusion was that plastic lumber’s low modulus is its greatest weakness in structural 
applications. Locked recommended fudher investigation of the flexural creep of 
plastic lumber. Locked’s study was conducted before the ASTM testing standards for 
plastic lumber were developed and as such his results can differ from those repoded 
in recent studies.
Sachan (1995) at Rutgers University conducted an investigation of the 
compressive creep propedies of plastic lumber at room temperature. Specimens of 
3.5"x3.5n cross section form eleven companies were tested using modified 
procedures of the ASTM testing standards for plastics. Sachan conducted the creep 
compression tests for approximately 5 days to evaluate the compressive creep 
modulus at three different stress levels. Sachan proposed two empirical models for 
predicting creep. One of the models was developed according to Matsuoka's 
prediction theory (Matsuoka, 1986) and yielded inaccurate results. The second model












Figure 2.1 The Flexural Creep Response of Superwood Plastic Lumber 
at73°F, Dry (After Lockert, 1993)
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was generated using first order regression analysis and yielded better results. Figure
2.2 shows the experimental data and the values predicted by these two models. The 
experimental data was obtained at 20% yield stress. It can be seen in Figure 2.2 that 
Sachan’s models could not properly predict the creep response of plastic lumber. 
Sachan concluded that these models cannot be used to extrapolate creep data. This 
study indicates the need to develop better mathematical models for more accurate 
prediction of the creep response of plastic lumber. The five day duration of the creep 
test used in this study, is not adequate for plastic lumber to capture the creep 
characteristics outside the duration of the tests. Sachan recommended that more 
creep tests be conducted for longer duration of time in order to develop better 
mathematical models, an that testing should go beyond uniaxial compression, and 
include flexural creep. Sachan pointed out the need for standards and grades for 
plastic lumber and proposed that any grade for plastic lumber have two independent 
parts: a grade for strength and a grade for stiffness.
Saadeghvaziri and MacBain (1996,1997) conducted an investigation on 
recycled plastic products for highway appurtenances applications. This research was 
conducted at the New Jersey Institute of Technology. In the first part of this 
investigation nominal cross sections 2x10, 4x4, and 6x6 were used to obtain the 
short-term mechanical properties of plastic lumber from three manufacturers. Since 
there are no industry standards to manufacture plastic lumber products it was found 
that there was variation in the composition of plastic lumber and in the methods 
utilized to acquire the raw materials among the three manufacturers. Core and shell 
coupons of dimensions 1x4x2 centimeters were used to perform the compression 
tests; and for the tension tests the coupons were 1x4x20 centimeters. The tests were 
performed in accordance with ASTM D-638 for tension, ASTM D-695 for compression,
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Figure 2.2 Creep Experimental Data of Plastic Lumber and Two Empirical Models
(After Sachan, 1995)
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ASTM D-198 for flexure. The specimens used for the flexural tests were 27 inches 
long and 4x4 nominal cross sections. The four-point loading configuration was used. 
The core coupons had lower initial tangent modulus of elasticity and lower ultimate 
strength than the shell coupons. The use of coupons to tests plastic lumber products 
may not be appropriate since the member is able to transfer the stress concentrations 
to adjacent areas while the coupons cannot. The results of the coupon tests cannot 
be compared with full-scale tests performed in accordance with the ASTM standards 
for plastic lumber. The objective of the second phase of this investigation was to 
develop economical traffic noise wall barriers. In this part of the investigation standard 
coupon of 4x4x4.5 nominal dimensions were used to perform compression creep 
tests. The coupons were subjected to a constant dead load that produces a stress 
level of 10 psi which is a typical stress level at the base of a 20  feet high wall built with 
recycled plastic elements. The creep tests were performed for a period of seven 
months at a constant temperature of 95 °F. During this testing period, the creep strain 
for the samples from the three manufacturers was 0.13% which corresponds to 0.3 
inches for a 20 feet high wall. It has to be noted that 0.13% creep strain is a low 
value, but compare to the initial strain of 0.01% the total strain is 13 times higher. It 
can be concluded that creep strain can be substantially higher than the initial strain. 
The investigators mention that the problems to be solve in order to use plastic lumber 
in structural applications must include quality control, development of standards for 
testing, design specifications, and long term performance evaluation. A detailed study 
of the creep behavior which includes different stress levels and temperature is 
recommended.
An extensive evaluation of mechanical properties of plastic lumber in 
accordance with the ASTM standards was conducted at Louisiana State University by
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Gopu and Seals (1996), Levitan (1997). These studies included the investigation of 
the compression, flexural and shear properties of plastic lumber produced by several 
manufacturers. Their study showed that the plastic lumber properties were influenced 
by the feed stock, i.e. polymer mix, used by the manufactures, and orientation of 
loading i.e. flatwise or edgewise use. Investigation of flexural creep properties was 
also recommended by these investigators.
Most of the investigations conducted to date on plastic lumber were carried 
out in accordance with short duration tests using ASTM test standards for plastics and 
wood. The duration of these tests was between 5 and 10 minutes, and they provide 
the basic mechanical properties required for developing the design values for plastic 
lumber under short-term loading.
2.3 Viscoelasticity and Creep
The mechanical behavior of plastic lumber can vary from elastic to viscous. 
The load response of plastic lumber depends on temperature, type of feed stock, 
stress, and strain rate. Plastic lumber is a viscoelastic material and can display linear, 
nonlinear, or a combination of responses depending on the loading conditions it is 
subjected to.
The creep response is a time-dependent deformation which occurs when a 
material is subjected to load for a prolonged period of time (Boyle and Spence, 1983). 
The creep phenomenon can be accelerated by increasing the temperature or the 
stress ( Kraus, 1980). The standard creep curve has three stages as shown in Figure 
2.3. The first stage represents a rapid change and occurs in 30 to 60 minutes. In 
thermoplastics the second stage is linear and denotes a constant rate of change 
(Rondeau, 1976). This stage lasts from 1 hour to more than 10,000 hours depending 
on temperature and magnitude of loading. The third stage is non linear and indicates
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Figure 2.3 The Creep Stages
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a more rapid degradation until failure occurs if the applied stress is enough to reach 
this limit (Matsuoka, 1992). The point of inflection between the second and third 
stages is referred to as the point of first damage. The most important creep stage in 
structural design is the second one because the first stage occurs very quickly and 
the third stage should never be reached in structural applications.
Figure 2.4 represents a typical creep response of a viscoelastic material like 
plastic lumber subjected to constant stress and temperature. The graph shows the 
viscoelastic material property of plastic lumber; upon unloading there is a significant 
amount of delayed recovery and then a permanent deformation. Viscoplastic 
materials, like metals, upon unloading do not exhibit a delayed recovery; they obtain a 
permanent residual strain as it is shown in Figure 2.4. The creep response of 
polymers is very similar to the creep response of plastic lumber. Figure 2.5 shows the 
typical creep response of a polymeric material. The creep modulus of a polymer 
reduces with time as shown in Figure 2.5b. The creep modulus of plastic lumber will 
experience the same type of degradation with time. When the creep modulus is 
plotted in a log-log scale it follows a straight line, Figure 2.5c.
2.4 Rheological Models
Rheology is a branch of physics concerned with the time-dependent 
deformation of solids and with the viscous flow of liquids (Sobotka, 1984). Rheology 
gives a phenomenological account of the mechanical behavior of matter which 
involves its mechanical properties. Rheololgical theory has been applied to describe 
the flow properties of plastics and resins (Severs, 1962). Elasticity, plasticity, viscosity 
and strength are fundamental rheological properties from which others can be 
obtained. In the theory of engineering materials and structures, rheology has an 
important role mainly for the study of the creep of concrete, metals, plastics, wood
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The response of a viscoplastic material
Figure 2.4 The Response of Viscoelastic and Viscoplastic Materials
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Figure 2.5 Tensile Creep Response of a Polymer (PTFE)
A) Creep Strain vs. Time
B) Creep Modulus vs. Time
C) Creep Modulus vs. Time on Log-log Scale 
(Modem Plastics Encyclopedia, 1985-1986)
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and other important construction material (Soboka, 1984). The widest application of 
rheology is in the research of material properties of polymers.
Rheological models can be used to illustrate the viscoelastic material 
response. These models are mechanical analogs that demonstrate the 
interrelationship between the elastic and viscous response of plastic lumber. Simple 
and complex models can be proposed to evaluate the flow of the material. As the 
model becomes complex, more constants are required and elaborate experiments are 
needed (Creus, 1986).
The basic elements of the rheological models are the springs and dashpots, 
Figure 2.6. The spring represents an elastic element and the dashpot a viscous 
element. A linear elastic spring exhibits a linear relationship between stress and 
strain. The response of the spring element can be modeled by using the following 
expression:
The dashpot response as an ideal viscous element can be described by 
Newton’s law
cr = eE (2 .1)
where
e = strain
E = modulus of elasticity
a  =  rje ( 2.2 )
where: n = viscosity 
t  -  strain rate








Figure 2.6 Mechanical Analogs: a) Linear Elastic Element, b) Viscous Element
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2.4.1 The Maxwell Model
The combinations of springs and dashpots give different viscoelastic models 
(Ferry, 1970). The Maxwell model is the combination of a spring and a dashpot in 
series as shown in Figure 2 .7 . In the Maxwell model, the applied stress n is the same 
in both elements. The total strain /; of the model is the sum of the strain of each 
element. In mathematical notation:
a  -  a spring = Gdashpot (2-3)
C = ^spring + ^dashpot (2 .4 )
It is necessary to differentiate equation 2 .4  with respect to time and use the 
constitutive equations 2.1 and 2 .2  for the spring and dashpot to obtain the 
time-dependent equation for the Maxwell model. This equation is a first-order ordinary 
differential equation expressed as:
*  + (  = (2.5)
where
a  = stress rate fr )( l2t
The solution of equation 2.5 depends on the initial conditions . For the creep 
response, the stress does not change with time. Thus, a  = <r0 and cr = 0 . The solution 
to the differential equation that gives the total strain response can be expressed as:




Figure 2.7 The Maxwell Model
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The first term of this equation represents the spring response and the second the 
dashpot response. Figure 2.8a shows graphically the creep response of a Maxwell 
model. Upon application of the load, the spring immediately extends to the value 
and the dashpot moves at a constant velocity, When the load is removed at time 
ti, the spring recovers the distance ^  but the dashpot remains at the position 
( ^ • ) t i . The Maxwell element is the representation of a viscous fluid.
The Maxwell model response under uniform strain yields the time-dependent 
process called stress relaxation. Under this condition, the strain is constant and the 
strain rate is zero. Therefore, e =  e0 and t  = 0. The differential equation for stress 
relaxation is:
for the stress to decay 1/e or 36.8% of its initial value. Figure 2.8b shows the stress 
relaxation response. The Maxwell model provides a good prediction of stress 
relaxation phenomenon but not the creep effect as it is shown in Figure 2.8.
(2 .7)
with the initial stress <r0 = e0E and solving by integration yields:
(2.8)
The parameter X =  is called the time constant which represents the time required















b) Stress Relaxation Response
Figure 2.8 Maxwell Model Response: a) Creep, b) Stress Relaxation
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2.4.2 The Kelvin Model
The Kelvin model is the combination of a spring and dashpot in parallel as 
shown in Figure 2.9. In this model, the strain c in both elements is the same and the 
total stress a  is the sum of the stress in each component. In mathematical notation 
these conditions can be expressed as:
Substituting the constitutive equations 2.1 and 2.2 for the dashpot and the spring into 
the total stress equation 2.10  to obtain:
For the creep deformation the stress is constant, a  =  a 0 . For this condition the 
time-dependent deformation equation obtained is:
£ -  £dashpot — ^spring (2.9)
a  - o  dashpot + G spring (2 .10)
a  = rje + Ef (2 .11)
This first order differential equation can be rewritten as:
(2 .12)
(2.13)








Figure 2.9 The Kelvin Model
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where
e = strain Q j) 
cT0 =constant stress
E = modulus of elasticity of the spring element (
t] -  viscosity of dashpot ( ^2") 
t = time (T)
The time constant for the Kelvin model is A = /7/E. The response of this model is 
shown in Figure 2.10. The Kelvin model gives a decreasing creep rate after loading 
but does not produce the initial elastic strain. For long durations, the maximum 
deformation reaches a fixed value. If the stress is removed at t = ti the time 
dependent-strain is given by:
Oq ( 1 ~ J  -*1 r - ( t - t i)  1£ = "e I ’ - ^ p b r . J exp A
After the load is removed this model returns to an unstrained condition. This model 
represents a viscoelastic solid and describes some parts of the creep for plastic 
lumber.
It can be seen that the Maxwell and Kelvin models have some characteristic of 
the creep response of viscoelastic material, see Figure 2.4. Any rheological model is 
made of springs and dashpots with the assumptions that they can be modeled 
according to the constitutive equations 2.1 and 2.2. The model required for the creep 
phenomenon depends on the experimental response of the material. In chapter five a












Rgure 2.10 Creep Response of the Kelvin Model
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viscoelastic four-parameter model is developed to model the creep response of plastic 
lumber based on the observed response of the Maxwell and Kelvin models.
2.5 Empirical Models
To predict the mechanical response of polymers is difficult because they can 
exhibit linear elastic, viscoelastic and non-linear viscoelastic behavior. The theoretical 
viscoelastic models are able to describes the creep response but have some 
limitations. Polymers do not have limited values for the constant time X. The values for 
I  varies depending on factors such as temperature, stress, test details, etc. Polymers 
are made of molecules whose behavior is more complex than a combination of 
springs and dashpots (Matsuoka, 1992). For a composite, made of recycled polymeric 
materials, the situation is more complicated than for virgin polymers. For these 
reasons, regression equations or graphs derived from experimental data are the most 
practical means to predict the creep response of plastic lumber.
Many regression models have been proposed to model the creep response of 
engineering materials. With the aid of the computer, it is possible to obtain good 
models for the creep response . In selecting a model it is important to choose the 
model based on statistical sciences, experimental observations and physical 
interpretation of the expressions in the model.
There is not a universal theory to describe creep behavior. The creep models 
available in the literature are generally empirical equations derived from the results of 
creep tests. Historically, some equations which express creep strain in terms of time 
for metallic materials and others are presented below ( Poh, 1998).
Andrade (1910)
ec = (1 + a it1/3)e*2t - i  (2.15)





r.c = Ci (1 - e c2l ) + C3t (2.17)
Graham and Walles (1955)
£C = d i t 1/3 + d2t + d3t3 (2.18)
Batsoulas (1994)
( ^  _  g - ( l< 2 + t < 4 / l< 3 ) t  J (2.19)
K. W. Poh (1998)
K *rrV te r*,p"
(£1 - £ 2 ) t   (C2 -C 3 ) t + c3t (2 .20)
In these equations ec = creep strain only; t = time; a,,bi, c,, d,, k,. = regression 
coefficients; a  = applied stress, a *  = stress correction constant. In most of the proposed 
equations the material parameters are just curve fitting coefficients except in equation 
2.20  where e1.e2.e3 = creep rates of the three creep stages; n , r 2 = times at end of 
first and second creep stages; and ni, n2 = shape parameters defining the transition 
between the first two and last two creep stages (Poh, 1998).
Numerous simple and complex equations have been proposed to describe 
creep. For polymers and some other viscoelastic materials, the beginning of the creep 
curve has the following general equation:
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where A and n are constants. Solving equation 2.21 by integration yields
At1'"e = f^ 7 r  for n = 1 (2.22)
£ = Alogt forn=1 (2.23)
At low stress levels when n=1 equation 2.23 describes better the creep response 
(Horsley, 1970 ). For high stress levels a good fit is obtained when n=2/3 giving the 
Andrade's transient creep law ( Horsley, 1970 ):
e = bt1/3 (2.24)
where b is a constant. For steady state creep it is necessary to add an additional term 
with n=0 to equation 2.24. With the additional term equation 2.24 becomes:
e = bt1/3 + kt (2.25)
where b and k are constants. Equation 2.21 can be expressed as a simple power law 
as follows:
e = Btp (2.26)
where B and P are constants. When the creep data are plotted on log-log scale the 
relationship is essentially linear. Equation 2.26 in a log-log scale is the equation of a 
straight line expressed as:
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logs = log B + P logt (2.27)
it is expected that the initial slope corresponding to the first creep stage is different 
from the long time slope. This problem can be corrected by subtracting a constant (e0) 
equivalent to the instantaneous strain, giving:
where m and b are correlation coefficients.
Findley and others (Ding and Findley, 1984 and 1987) have used equation 
2.29 to study the creep response of metals and polymers (Findley, 1974 and 1987). 
For polymers like polyethylene and PVC, Findley did a 26-year creep test getting a 
good correlation for loading and recovery using equation 2.29.
As illustrated in Figure 2.11, wood is a material whose creep response is 
similar to that of plastic lumber. To model the creep response of wood most of the 
authors (Gopu, 1996) use the same equations as those used for polymers. For 
example, in a creep study of wood under sustained torsion (Ayina et at, 1996) it was 
shown that the response can be modeled using the following equation:
log(e -  e0) = log m + P log t (2.28)
This equation can be written as:
(2.29)
(2.30)






Figure 2.11 Relative Creep of Wood at Different Levels of Constant Stress
(After Popovic, Soskic, and Zakic, 1996)
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where G(t) is the time dependent shear modulus, G0 the initial shear modulus, a and b 
material parameters. This equation is a power law like equation 2.29. In this study, an 
exponential function was also used to model the creep of wood . The exponential 
function is expressed as follows:
<231>
Where G, and k, are material parameters. More research indicated that despite the 
complexity of wood, it can be modeled using the simple power law y=axb (Popovic et 
al and Ranta-Maunus et al, 1996), see equation 2.26.
There are many ways of modeling the creep phenomenon of plastic lumber. A 
good model must be continuous, describe the phenomenon, and have few 
independent parameters. Complex models with many parameters are impractical and 
they are often no better than a simple model. For example, the well known physics 
equation E=mc2 does not look complicated but has considerable theoretical bases 
and is able to model a very complex phenomenon (Einstein, 1956).
2.6 Temperature Effects on Polymers
The molecular structure of polymers is significantly influenced by temperature. 
A polymer is made of many units arranged in a pattern. Creep and other mechanical 
properties are influence by temperature changes in the molecular structure. The size, 
shape and distribution of the molecules are important to the mechanical properties of 
plastics. Polymers can be composed of different repeating units with different 
structures. The major molecular structural categories are linear, branched and 
cross-linked or network, Figure 2.12. The crystal structure of a polymer is influenced





Figure 2.12 Molecular Structure Arrangements of Polymers
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by the molecular structure. Polymers can be crystalline, semicrystalline or amorphous 
as shown in Figure 2.13. In the structure of a crystalline polymer, the molecules are 
aligned in a regular pattern. In amorphous polymers, the molecules are randomly 
arranged. Semicrystalline polymers are partly crystalline and partly amorphous. HDPE 
is a linear polymer made of molecules that resemble spaghetti in a bowl, being free to 
slide over one another or to pack closely together. LDPE is a branched polymer that 
has interconnections which cause the molecules to resemble three branches difficult 
to compress, Figure 2.13. Linear polymers posses higher tension strength and 
stiffness than branched polymers (Berins, 1991). The structure of the polymer is 
important in its deformation response. The short-term deformation is mainly 
determined by the deformation of the amorphous regions. The creep of a polymer is 
mostly controlled by the deformation of the crystalline regions. In polyethylene and 
polypropylene, creep is caused by slippage of the chains in the crystalline part. In 
polyethylene terephthalate, creep is caused by the chain breakage at the interface 
between the amorphous and crystalline regions.
In the structure of a polymer, the molecular arrangement is temperature 
sensitive. Heating a crystalline polymer converts it into an amorphous polymer with 
different structure and mechanical properties. The effect of temperature is similar to 
the time effect in the polymer response. Any polymer has a preferred equilibrium 
structure. With enough time, the molecules in a polymer try to reach the equilibrium 
structure. Elevating the temperature allows the molecules to move more freely to the 
equilibrium structure in a shorter time.
In the structural application of plastic lumber the modulus is the most important 
property used in the design because the serviceability limit state generally controls. In 
the case of plastic lumber under static loads the design is controlled by the creep




Figure 2.13 Structures in Polymers
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modulus in most situations. The modulus is highly affected by temperature. Figure 
2.14 shows an idealize representation of the relationship between modulus and 
temperature for linear and lightly crosslinked amorphous polymers. This plot shows 
four regions of viscoelastic behavior. At low temperatures the polymer is in a glassy 
state, the modulus is high, and the polymer is hard and brittle. In the glassy region, 
the modulus decreases slowly with increasing temperature because the thermal 
energy is not enough to surmount the barriers for rotational and translational motions 
of segments of the polymer molecules. Increasing the temperature, the polymer 
reaches the transition region. In this region the modulus decreases quickly. The 
interval of this transition region ranges from 5 to 20 degrees centigrade. This region is 
in the glass transition temperature (Ta) when the polymer is changing from a hard and 
brittle solid to a soft state ( Richardson, 1989).
The next zone of temperature dependence is the rubbery plateau region 
characterized by the reorientation of segments of chains relative to each other but 
without large-scale translational motion. In this region, the viscoelastic response of 
crosslinked and linear polymers is essentially identical. As the temperature is 
increased, the fourth region is reached. In this region, the response is different for a 
crosslinked amorphous polymer and a linear polymer. For the crosslinked, polymers 
the modulus remains constant up to temperatures where chemical degradation begins 
to occur. In linear polymers, the temperature increment causes molecular motions at 
large-scale until local chain interactions cannot prevent any molecular flow. This 
phenomenon results in a high decrement of the material modulus. Finally, if the 
temperature is increased still more, the plastic will become a viscous fluid.
The service temperature to which plastic lumber will be exposed most of the 
cases will be in the transition and rubbery regions depending on the type of its
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Figure 2.14 Schematic Modulus vs. Temperature Curve Showing Various Regions 
of Viscoelastic Behavior (After Aklonis and MacKnight, 1983)
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polymeric composition. This is not so critical because plastic lumber will always be a 
solid. Another important temperature level is the melting point temperature (Tm). The 
melting temperature occurs when the polymer change from solid to liquid. 
Polyethylene, polystyrene and PVC are crystalline polymers whose degree of 
crystallization depends on temperature. The mechanical response of two polymers is 
equivalent if they have the same crystalline structure, percentage of crystallinity, Tg 
and Tm. Table 2.1 shows the values of Ta and Tm for polymers.
Table 2.1 Glass Transition (T0) and Melting (Tm) Temperatures of Polymers 






Polyethylene Terephthalate 65-75 200-265
Polypropylene -14 165
Low Density Polyethylene -80 60-100
Medium Density Polyethylene -80 80-120
High Density Polyethylene -80 100-140
Polyvinyl Chloride 85 180
Polystyrene 100 240
Plastic lumber, as a composite of recycled polymeric material can be partly 
crystalline and partly amorphous, can be linear or branched. Plastic lumber must be 
analyzed as a polymeric material. Mechanically the response of plastic lumber is 
similar to the response of any viscoelastic material and must be studied as such. 
From the molecular point of view, no theory has been developed to predict the 
behavior of virgin polymers with the same type of molecules as plastic lumber. To 
predict the molecular behavior of polymers is difficult and there is no theory able to do 
it (Matsuoka, 1992). In the case of plastic lumber, a molecular level study would be
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very expensive. Fortunately, for the engineering application of plastic lumber as a 
structural element, a molecular study is not required. The sensitivity of plastic lumber 
to temperature will highly depend on its polymeric composition. Plastic lumber as a 
complex composite material will exhibit the same type of creep response as a 
polymeric material.
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CHAPTER 3 
THE FLEXURAL CREEP TESTS
Creep tests provide important information that is essential for developing 
design procedures to estimate the deformation of plastic lumber under long-term 
loads. The mechanical behavior of plastic lumber under static loads is highly 
dependent on time and temperature, and it is not possible to predict the response of 
plastic lumber based on short duration tests. Some polymers perform satisfactorily 
under short-term loads but deliver unsatisfactory performance under long-term loads. 
A given polymer can appear to be stronger than another polymer in short-duration 
tests but, in the long-term, the situation can change. It is not sound engineering 
practice to avoid creep tests of plastic lumber when developing the design properties. 
For the traditional engineering materials such as steel and concrete the mechanical 
property data required for design can be obtained in short-term tests because the 
properties of these materials are not highly time dependent.
The creep tests are conducted to measure the time dependent deformation 
under constant load. Creep tests can be performed in tension, compression and 
flexure as shown in Figure 3.1. The creep tests set up may look simple but conducting 
these tests is expensive and difficult when temperature has to be controlled during 
testing.
The flexural creep tests carried out in this study were conducted in accordance 
with the ASTM Standard 0-6112-97 “Standad Test Methods for Compressive and 
Flexural Creep and Creep-Rupture of Plastic Lumber and Shapes”. According to the 
ASTM D-6112-97 a four-point bending test for flexural creep is specified, see Figure 
3.2. For this loading configuration, the maximum fiber stress is given by:
42
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Figure 3.1 Creep Test Configurations 
(After Nielsen E. L , 1974)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P /2
L/3 L/3 L/3
Figure 3.2 Schematic Diagram for Flexural Creep Test




< r = £ k  (3.1)
er =  stress in the outer fiber
P= total load (F)
L= support span (L) 
b= width of the beam (L) 
h= depth of the beam (L)
The ASTM equation 3.1 is based on the fundamental assumption that the normal 
stress over the cross section varies linearly from the neutral axis to the outer fiber 
(Ugural and Fenster, 1995). According to the ASTM the maximum strain in the outer 
fiber at the midspan is given by:
(3.2)
where
£ = maximum strain
0= maximum deflection at midspan (L) 
h= depth of the beam (L)
L= support span (L)
Equation 3.2 is based on the assumption in the elementary theory of bending, 
namely, plane section perpendicular to the longitudinal axis of the beam remain plane 
subsequent to bending (Ugural and Fenster, 1995).
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ASTM D-6112-97 specifies that at least five specimens must be tested for each 
loading condition. The specimens must be conditioned at the test temperature for at 
least 40 hours before the test begins.
In this investigation, the specimens tested were 2x4 and 2x6 nominal plastic 
lumber sections from LumberLast Inc. of Diboll, TX. All the samples were tested 
flatwise in flexure. The samples were 30 inches long with a support span of 24 inches. 
The samples were tested at two load levels, 155 and 310 pounds, that induced a 
flexural stress of 415 psi and 830 psi, respectively, in the 2x4 sections and 262 psi 
and 524 psi, respectively, in the 2x6 sections. Three different test temperatures were 
used to perform the creep tests; they were 63 °F, 73 °F and 100 °F. These 
temperatures were controlled by an automatic temperature controller 
(OMEGA-CN391) which had a resolution of 1 °F. The temperature controller was 
connected to an air conditioner for lowering the temperature and to a heater for 
increasing the temperature. Temperature sensors located in the test area of the lab 
were connected to the temperature controller in an integrated fashion to ensure more 
precise temperature control.
The testing facility included 10 test frames. This required that the tests be 
conducted in series over a one year period. The test set ups with unloaded and 
loaded specimens are shown in Figures 3.3 and 3.4. The total load required was 
applied in a very short time. W10 steel beam sections were used to apply the load. 
The steel beam at the bottom of the loading stack had two welded shoes to transfer 
the load to the specimen as shown in Figure 3.4.
For each load level and test temperature, five specimens were tested. The 
deflection at the midspan was measured with a gauge having a precision of 0.001 
inches. The deflection was measured on both sides of the specimen and the average
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Figure 3.3 Samples Set Up
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Figure 3.4 Samples Loading
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value is reported as the midspan deflection. The deflection data were recorded at 0, 
0.167, 1, 25, 50, 75, 100, 200, 300, 400, 500, and 700 hours. The response of the 
test specimens after unloading was also recorded at 0, 0.167, 1, 25, 50, 100, and 
200 hours. A typical creep deflection vs. time graph is shown in Figure 3.5. The creep 
deflection charts obtained for the different test specimens at different stress and 
temperature levels permit the development and verification of empirical and 
theoretical models to predict the time dependent behavior of plastic lumber.
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Figure 3.5 Typical Deflection vs. Time Graph from Creep Test 
at 100 °F for LumberLast 2x4 Members Subjected to 
a Flexural Stress of 830 psi
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CHAPTER 4 
ANALYSIS OF EXPERIMENTAL CREEP DATA
4.1 Plastic Lumber Cross Section
The cross section of plastic lumber is composed of two regions as shown in 
Figure 4.1. Most plastic lumber products are manufactured using a mix of 
polyethylene, polypropylene, polystyrene, and blowing agents (Levitan, 1997). The 
skin area has higher strength and stiffness than the core area and also contains 
fewer voids (Gopu and Seals, 1996). Under these circumstances, plastic lumber can 
be considered as a composite material.
SKIN
CORE
Figure 4.1 Idealized Cross Section of Plastic Lumber
At this time, most plastic lumber is being produced using only recycled HDPE. 
With the use of only one kind of polymer, the quality of plastic lumber can be 
controlled more effectively. The core often contains voids either as a consequence of 
the manufacturing process or the use of blowing agents. As such, its stiffness is 
different from that of the skin and this affects the overall mechanical properties of 
plastic lumber. With a reduction of the effective cross-sectional area, the stiffness 
properties (EA and El) are affected but to different degrees. The evaluation of the 
compression and tension modulus depends on the cross-sectional area (A) while the 
evaluation of the flexural modulus depends on the moment of inertia (I). The reduction
51
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in the stiffness of the core region affects the compression and tension moduli more 
than the flexural modulus because the moment of inertia is not highly affected by a 
reduction in the core area. In fact, hollow core plastic lumber sections may yield 
comparable moment of inertia. However, local buckling of the hollow core sections 
may contribute to an apparent low values of the compression and flexural moduli.
In this investigation, a total of 80 cross sections of 2x4 and 2x6 members 
were examined to determine the effect of the voids on the cross-sectional area and 
moment of inertia. Since the focus of this research work is on flexural creep, particular 
attention was paid to the moment of inertia of the cross section. The gross moment of 
inertia for a rectangular cross section about its weak axis as shown in Figure 4.2 is 
given by:
I - #  (4-1)
where
B= the rectangle width (L) 
H= the rectangle height (L).
In this study, the cross sectional dimensions were measured with a vernier 
caliper. The dimensions of the gross and core areas were measured. Assuming that 
the core region has only 30% of the stiffness of the skin region the result is a revised 
core area with stiffness equivalent to the skin region. This consideration gives a 
transformed cross section as shown in Figure 4.2. In the transformed cross section 
the core region of the original cross section is reduced by substituting one part of this 
region for an empty area and keeping only the skin equivalent part. Note that the












Figure 4.2 Transformed Cross Section for Plastic Lumber
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reduction of the core region must be made on the width dimension of the rectangle to 




B= overall width of section (L)
H= overall height of section (L)
b= width of void area in the transformed section (L)
h= height of void area in the transformed section (L)
Based on these conservative assumptions, the results for the 2x4 and 2x6 
sections indicate a reduction of less than 4% in the moment of inertia for flatwise 
bending. The moment of inertia for edgewise bending reduces approximately 8% for 
the 2x4 and 11 % for the 2x6. The reduction of the cross area (A) is 20% for the 2x4 
and 21% for the 2x6. Table 4.1 shows the geometric properties of the 2x4 and 2x6 
cross sections considering the flatwise and edgewise orientation.
It is concluded that the moment of inertia (I) is less affected than the total 
cross sectional area (A) due to the lower stiffness of the core region. In this study only 
the flexural creep of plastic lumber subjected to flatwise bending was investigated. 
For this loading condition, the moment of inertia is affected by less than 4%. This 
small reduction in the moment of inertia was ignored in the data analysis. From the 
flexure point of view, the voids in the core region help to create a more efficient 
section by reducing the member weight Utilizing a geometric shape that maximizes
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Owil Flatwise 3.547 1.590 2.279 0.699 5.640 1.593 0.478 4.525 1.595 1.188 1.143 80.23 96.18
Edgewise 1.590 3.547 0.699 2 .279 5.640 1.593 0.478 4.525 0.489 5.913 5.430 80.23 91.84
OwA Flatwise 5.583 1.593 4.066 0.660 8.894 2.684 0.805 7.015 2.846 1.881 1.813 78.88 96.37jCXD
Edgewise 1.593 5.583 0.660 4.066 8.894 2.684 0.805 7.015 0.462 23.101 20.513 78.88 88.80
A0=BH gross area
Ai=b'h internal area
Aj,=0.3A( internal equivalent area
At=Ag-0.7A| area of the tranformed cross section
lg=(BH3)/12 gross moment of inertia
l,=(BH3-bh3)/12 moment of inertia of the tranformed cross section
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the moment of inertia while minimizing the material volume is desirable. The 
presentation in this section shows that the voids content and lower stiffeness of the 
core region do not have a significant influence on the moment of inertia for the 
flatwise bending case.
4.2 Creep Data Results
Data obtained from the creep tests provide important information on the time- 
dependent response characteristics of the material. Traditionally, in creep tests, the 
creep strain under a sustained load is recorded as a function of time. The creep test 
results presented in Figure 4.3 highlight the effect of stress on the response 
characteristics with time. The different graphs shown can be obtained using the 
constitutive relationship. According to the ASTM D-6112-97, “Standard Test Methods 
for Compressive and Flexural Creep and Creep Rupture of Plastic Lumber and 
Shapes", and for the load configuration shown in Figure 3.2, the maximum strain in a 
flexural member can be computed as:
4.70DH
e -  ^2 (4.3)
where
£ = maximum strain ( j j)
D= maximum deflection at midspan (L)
H= depth of the beam (L)
L= span (L)
For the analysis of creep data, the following relationship is applied:
a = fE t (4.4)
























Figure 4.3 Graphical Presentation of Creep Data
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where
a  = stress in the outer fiber )
e  =  maximum strain
Et = time dependent modulus
Note that the modulus E, changes with time and is referred to as the creep 
modulus of plastic lumber. In the creep phenomenon the stress is constant while the 
strain is increasing. According to equation 4.4, if the strain increases then the creep 
modulus decreases with time in order for the stress to remain constant. This 
relationship is applied to obtain the time dependent creep modulus of polymers 
(William, 1980) and is used by the ASTM Standard D-2990 “Tensile, Compressive, 
and Flexural Creep and Creep-Rupture of Plastics” .
The maximum outer fiber stress for the load configuration of Figure 3.2 is 




a  = stress in the outer fiber
P= total load (F)
L= support span (L)
B= width of the beam (L) 
H= depth of the beam (L)
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As shown in Figure 4.3, the creep data can be displayed as sets of curvilinear 
lines on a normal scale or semi-logarithmic scale. The creep data displayed in 
dual-logarithmic scale describe almost straight lines. This observation is important for 
the prediction of the creep behavior. In this chapter, the creep test results are 
analyzed to determine the creep deflection, the creep strain and the creep modulus of 
plastic lumber.
4.2.1 Deflection
Plastic lumber can experience large deflections under sustained load due to its 
creep characteristics and temperature sensitivity. Figure 4.4 shows the time- 
dependent deflections of five specimens, S1...S5, and their average value, Av. It is 
clear that the variation in the response of the test specimens is minor.
Two of the most widely accepted measures of the variability of a set of data 
are the variance and standard deviation (Keller, et al. 1994). They measure the 
dispersion of data about the mean. These parameters are important to compare 
different data sets. Two sets of data can have the same mean but the variability can 
be different.
The variance is defined as the mean of the square of the deviations of the 
measurements from their mean. For the statistical sample of the population, the 
variance, v2, is given as:
v2 = (4.6)
where
v2 = variance of the population’s sample 
Xj = value of parameter for specimen i 
x =  mean or average value for entire test sample 
n = number of specimens in the sample
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Figure 4.4 Deflection vs. Time at 73 °F for LumberLast 2x6 Members 
Subjected to a Flexural Stress of 262 psi
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The variance is a measure of the relative variability of the data in square units. 
The standard deviation is a measure of variability expressed in the same units as the 
measurement. The standard deviation, s, is defined as the square root of the variance 
as follows:
s = v V  (4.7)
Samples with the same or different standard deviation can be compared using 
the relative variabilities defined in terms of the coefficient of variation. The coefficient 
of variation COV is defined as:
CO V= f  (4.8)
The coefficient of variation is reported as a percentage which expresses the standard 
deviation as a percentage of the mean.
Table 4.2 summarizes the deflections obtained for the 2x4 test specimens, 
initially, and at 700 hours. The response of each specimen is very similar. The 
coefficient of variation, COV, of the initial deflection for the stress and temperature 
range used in the tests ranged from 2.6% to 26% with an average of 9.3%. The COV 
for results obtained at 700 hours ranged from 1.7% to 12% with an average of 6 .8%. 
The difference between these COV values is attributed to the fact that the long-term 
responses become more stable. The general average of the COV is 7.5%. The low 
COV values indicate good quality control in the manufacturer of plastic lumber. These 
low COV values agree with the values observed by Levitan (1997) for the flexure and 
compression tests she conducted on 2x4 and 2x6 plastic lumber members. It is 
interesting to note that the ratio of the final deflection to initial deflection was 
approximately 3.0 for the load and temperature ranges used. This means that the 
expected deflection in 700 hours will be three times the initial deflection for any of the 
conditions used in this test program. This confirms the relationship between the







































S1 S2 S3 S4 S5
63
155 415 0 0.237 0,199 0.216 0.225 0.194 0.214 0.018 8.35 1.00
700 0.691 0.607 0.635 0.633 0.606 0.634 0.035 5.44 2.96 1.00
310 830 0 0.444 0,449 0.445 0.473 0456 0.453 0.012 2.63 1.00
700 1.387 1.394 1.442 1.410 1.346 1.396 0.035 2.51 3.08 1.00
73
155 415 0 0.290 0.197 0.185 0.182 0 304 0.232 0.060 25.98 1.08
700 0.829 0.738 0.656 0.644 0.824 0.738 0.088 11.97 3.19 1.16
310 830 0 0.636 0.572 0.545 0.517 0.637 0.581 0.054 9.28 1.28
700 2.154 1.865 1.777 1.611 1.923 1.866 0.199 10.69 3.21 1.34
100
155 415 0 0.435 0.447 0.430 0.441 0.406 0.432 0.016 3.65 2.02
700 1.307 1.321 1.307 1.322 1.251 1.302 0.029 2.24 3.01 2.05
310 830 0 0.962 0.980 0.857 0.905 0.869 0.915 0.055 5.99 2.02
700 2.913 2.853 2.788 2.838 2 810 2.840 0.048 1.68 3.11 2.03
COV= Coefficient of variation (% )
D0= Initial deflection 
D70o= Deflection at 700 hours 
Dt= Deflection at temperature T 
DT63=Deflection at temperature of 63 °F
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responses at different time intervals. If the response at a given temperature and 
stress level is known it will be possible to obtain the results at different combination of 
temperatures and stress levels. The influence of temperature on the deflection 
response is significant. An increase in the temperature from 63 °F to 100 °F causes a 
100% increase in the deflection at a given time and stress level. Figures 4.5 and 4.6 
show graphically the effect of temperature on the average deflection of the 2x4 
specimens.
Table 4.3 shows the results for the 2x6 test specimens, initially, and at 700 
hours. The response of each specimen is very similar. The coefficient of variation of 
the initial deflection for the stress and temperature range used in the tests ranged 
from 2.3% to 11.3% with an average of 7.2%. The COV for results obtained at 700 
hours ranged from 1.5% to 10.2% with an average of 5.0%. The average coefficient 
of variation is 6.1%. The ratio of the final and initial deflection is about 3.0 for any 
temperature and stress level used in the test program. An increase of the temperature 
from 63 °F to 100 °F shows an average increase of 82% in the deflection at a given 
time and stress level. Figures 4.7 and 4.8 show the influence of temperature on the 
deflection of the 2x6  members.
4.2.2 Strain
Using equation 4.3, the maximum strain in the extreme fibers at the midspan 
location of flexural tests specimens can be expressed in terms of the midspan 
deflection. The directly proportional relationship implies that the conclusions drawn 
earlier for deflection are also applicable for strain. However, it is important to take a 
look at the strain values in this case because they are used to define the flexural 
strength of plastic lumber. Plastic lumber, being a viscoelastic material, can achieve 
high strain levels before rupture occurs. ASTM [>6112-97 recommends that the basis
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Figure 4.5 Deflection vs. Time at Different Temperature Levels for
LumberLast 2x4 Members Subjected to a Flexural Stress of 415 psi










r r  73 f  








100 200 300 400 500 600 700 800 900 10000
Time ( hr)
Figure 4.6 Deflection vs. Time at Different Temperature Levels for
LumberLast 2x4 Members Subjected to a Flexural Stress of 830 psi
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S1 S2 S3 S4 S5
63
155 262 0 0.138 0.128 0.144 0.151 0.134 0.139 0.009 6.39 1.00
700 0.395 0.386 0.378 0.360 0.362 0.376 0.015 4.02 2.71 1.00
310 524 0 0.307 0.262 0.308 0.275 0.234 0.277 0.031 11.32 1.00
700 0.885 0.893 0.878 0.834 0.783 0.855 0.046 5.39 3.08 1.00
73
155 262 0 0.154 0.140 0.138 0.146 0.143 0.144 0.006 4.34 1.04
700 0.432 0.418 0.433 0.424 0.425 0.426 0.006 1.45 2.96 1.13
310 524 0 0.340 0.319 0.376 0.337 0.394 0.353 0.031 8.72 1.27
700 0.947 0.955 1.161 1.026 1.166 1.051 0.107 10.20 2.98 1.23
100
155 262 0 0 .2 2 0 0.196 0.189 0.241 0.228 0.215 0.022 10.16 1.55
700 0.790 0 .688 0.698 0.770 0.758 0.741 0.045 6.11 3.45 1.97
310 524 0 0.529 0.514 0.525 0.533 0.503 0.521 0.012 2.35 1.88
700 1.671 1.648 1.557 1.569 1.634 1.616 0.050 3.10 3.10 1.89
COV= Coefficient of variation (% )
D0= Initial deflection 
D70o= Deflection at 700 hours 
Dt= Deflection at temperature T 
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Figure 4.7 Deflection vs. Time at Different Temperature Levels for
LumberLast 2x6 Members Subjected to a Flexural Stress of 262 psi
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Figure 4.8 Deflection vs. Time at Different Temperature Levels for
LumberLast 2x6 Members Subjected to a Flexural Stress of 524 psi
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for comparing the creep of material should be the stress which produces 1 % strain in 
1000 hours. In flexure tests, it is recommended that the strain be limited to 5% if the 
specimen does not fail before reaching this strain level.
Plastic lumber can rupture at a strain level of 3%, above or below, depending 
on orientation of load (Levitan, 1997). Reiss (1973) concluded that first damage in 
HDPE occurs at 2% strain. The flexural strength of plastic lumber, which is defined as 
the stress at 3% strain, seldom controls design since serviceability concerns generally 
limit the deflection to L/240, i.e. the strains are limited to 0.2%.
The strain results for the 2x4 sections are summarized in Table 4.4 at 0 hours 
and 700 hours. All the conclusions drawn for the deflection results are valid for strain. 
The strain vs. time plots are shown in Figures 4.9 and 4.10.
Table 4.5 shows the test results for the 2x6 members. The loads used are the 
same as for the 2x4 sections and they lead to lower stress levels and smaller 
deformation response because of larger sections properties. Figures 4.11 and 4.12 
show the strain vs. time graphs for the 2x6  section.
4.2.3 The Creep Modulus
The low modulus of plastic lumber limits its potential for structural applications. 
This situation is further aggravated by the reduction in this modulus with increase in 
the duration of loading and temperature. It is for these reasons that the design of 
plastic lumber members is controlled by stiffness rather than by strength.
Tables 4.6 and 4.7 give the initial and final values of the creep modulus 
computed using equation 4.4. Figures 4.13, 4.14, 4.15 and 4.16 show graphically the 
variation of the creep modulus with temperature and time. Temperature has a 
significant effect on the creep modulus. The creep modulus decreases by almost
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Table 4.4 Deflection and Strain at 0 and 700 Hours 




( l bs )
Stress
( p s i )
Time 
( h r s )
Deflection
( i n )
Strain
( % )
155 415 0 0.214 0.278
63 700 0.634 0.823
310 830 0 0.453 0.588
700 1.396 1.811
155 415 0 0.232 0.301
73 700 0.738 0.957
310 830 0 0.581 0.754
700 1.866 2.421
155 415 0 0.432 0.560
100 700 1.302 1.689
310 830 0 0.915 1.187
700 2.840 3.685
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Figure 4.9 Strain vs. Time at Different Temperature Levels for
LumberLast 2x4 Members Subjected to a Flexural Stress of 415 psi
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Figure 4.10 Strain vs. Time at Different Temperature Levels for
LumberLast 2x4 Members Subjected to a Flexural Stress of 830 psi
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Table 4.5 Deflection and Strain at 0 and 700 Hours 
for the 2x6 LumberLast Specimens
Temperature
( ° F )
Load
( l b s )
Stress







155 262 0 0.139 ___0.180
63 700 0.376 0.488
310 524 0 0.277 0.359
700 0.855 1.109
155 262 0 0.144 0.187
73 700 0.426 0.553
310 524 0 0.353 0.458
700 1.051 1.364
155 262 0 0.215 0.279
100 700 0.741 0.961
310 524 0 0.521 0.676
700 1.616 2.097
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Figure 4.11 Strain vs. Time at Different Temperature Levels for
LumberLast 2x6 Members Subjected to a Flexural Stress of 262 psi
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Figure 4.12 Strain vs. Time at Different Temperature Levels for
LumberLast 2x6 Members Subjected to a Flexural Stress of 524 psi















Table 4.6 Deflection, Strain and Creep Modulus at 0 and 700 Hours 
for the 2x4 LumberLast Specimens
Temperature Load Stress Time Deflection Strain Modulus M-jVMt63 mx/m415
(°F) (lbs) (psi) (hrs) ( in ) (%) (psi)
155 415 0 0.214 0.278 149473 1.00 1.00
700 0.634 0.823 50453 1.00 1.00oo
310 830 0 0.453 0.588 141224 1.00 0.94
700 1.396 1.811 45827 1.00 0.91
155 415 0 0.232 0.301 137876 0.92 1.00
7 0 700 0.738 0.957 43343 0.86 1.00r O
310 830 0 0.581 0.754 110111 0.78 0.80
700 1 . 8 6 6 2.421 34284 0.75 0.79
155 415 0 0.432 0.560 74044 0.50 1.00
100 700 1.302 1.689 24568 0.49 1.00
310 830 0 0.915 1.187 69917 0.50 0.94
700 2.840 3.685 22526 0.49 0.92
M t =  Creep modulus at temperature T 
MT63= Creep moulus at temperature of 63 UF 
Mx= Creep modulus at stress X for temperature T 
M415= Creep modulus at stress of 415 psi for temperature T
~vl
CD
Table 4.7 Deflection, Strain and Creep Modulus at 0 and 700 Hours 

















155 262 0 0.139 0.180 145283 1.00 1.00
700 0.376 0.488 53708 1.00 1.00
310 524 0 0.277 0.359 145807 1.00 1.00
700 0.855 1.109 47238 1.00 0.88
73
155 262 0 0.144 0.187 140238 0.97 1.00
700 0.426 0.553 47404 0 .88 1.00
310 524 0 0.353 0.458 114415 0.78 0.82
700 1.051 1.364 38429 0.81 0.81
100
155 262 0 0.215 0.279 93927 0.65 1.00
700 0.741 0.961 27253 0.51 1.00
310 524 0 0.521 0.676 77521 0.53 0.83
700 1.616 2.097 24993 0.53 0.92
Mt = Creep modulus at temperature T 
MT63= Creep moulus at temperature of 63 °F 
Mx= Creep modulus at stress X for temperature T 
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Figure 4.13 Creep Modulus vs. Time at Different Temperature Levels for
LumberLast 2x4 Members Subjected to a Flexural Stress of 415 psi























200 300 400 500 600 7001000 800
1 63 F |
'73 F I
: 100 F i
Time ( h r )
Figure 4.14 Creep Modulus vs. Time at Different Temperature Levels for
LumberLast 2x4 Members Subjected to a Flexural Stress of 830 psi
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Figure 4.15 Creep Modulus vs. Time at Different Temperature Levels for
LumberLast 2x6 Members Subjected to a Flexural Stress of 262 psi
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Figure 4.16 Creep Modulus vs. Time at Different Temperature Levels for
LumberLast 2x6 Members Subjected to a Flexural Stress of 524 psi
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50% when the temperature changes from 63 °F to 100 °F. The creep modulus vs. time 
curves are similar and the shift is influenced only by temperature.
The stress level has a very small effect on the change in creep modulus. At a 
given temperature and different stress levels the creep moduli are very similar. At low 
stress levels, the creep modulus is slightly higher than at high stress level but the 
difference is not significant. The response of plastic lumber under typical service 
stress levels will always be linear viscoelastic. The stress levels used in the test 
program are higher than those the plastic lumber is likely to be subjected to in service.
For the 2x4 sections, the average reduction in the creep modulus due to 
doubling of the stress at a given temperature is about 12%. The reduction of the 
modulus will be less than 12% for ail practical cases since the stress levels used in 
the tests are high compared to the service stress levels. For the 2x6, the average 
reduction of the creep modulus is also 12% due to doubling of the stress level. This is 
not necessarily a coincidence because the material is the same and the modulus is a 
material property. The change in the creep modulus with stress is not significant. This 
change can be compensate by the factors of safety built into the design process.
Figures 4.17, 4.18 and 4.19 show the variation in the modulus with time at 
different stress levels and different temperatures. The 95% statistical confidence 
levels shown for the data at a given temperature demonstrate that all the test data fall 
inside these confidence limits. This observation supports the earlier conclusion that, 
within the stress range used in this investigation, the stress level has a small influence 
on the creep response of plastic lumber. That is, the creep modulus is essentially only 
time and temperature dependent within the range of stress investigated.
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Figure 4.17 Creep Modulus vs. Time at Different Stress Levels for LumberLast 
Members Subjected to a Temperature of 63 °F
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Figure 4.18 Creep Modulus vs. Time at Different Stress Levels for LumberLast 
Members Subjected to a Temperature of 73 °F
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Figure 4.19 Creep Modulus vs. Time at Different Stress Levels for LumberLast 
Members Subjected to a Temperature of 100 °F
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The average change in the modulus of 12% is in agreement with the results 
obtained by Lokert (1993) who observed a 15 % change for 2x4 specimens when the 
stress level changed from 285 psi to 785 psi.
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CHAPTER 5 
THE CREEP MODELS
Plastic lumber can be fabricated using several waste plastics with different and 
unknown stress histories that may not disappear in the recycling process. To model 
and predict the mechanical response of polymers is difficult because of resin 
composition, strain rate, stress level, temperature sensitivity, and other factors. They 
can respond as linear elastic, viscoelastic or non-linear viscoelastic material. There is 
not a universal theory to describe the creep behavior of structural materials, including 
plastic lumber. For a composite mixture of recycled polymers, the situation is more 
complicated than for virgin polymers. Because of these factors, empirical formulae 
developed from curve fitting of experimental data are most suitable for predicting the 
creep response of plastic lumber. In some cases, viscoelastic rheological models can 
be used to model the response of plastic lumber. The basic elements of the 
rheological models are springs and dashpots. The complexity of these models can 
vary, depending on the behavior being modeled. As the model becomes more 
complex, more constants need to be determined and this requires that more elaborate 
experiments be conducted.
This investigation presents different creep models for plastic lumber. Models 
based on empirical expressions involving the variables time, temperature, and stress 
are developed. Also, a theoretical viscoelastic four-parameter model to describe the 
creep response is presented. Any rheological model has certain limitations. Polymers 
do not have fixed values for the response time constant, X (Matsuoka, 1992). The 
values for X vary significantly and depend on factors such as temperature, stress, test 
details, etc.
87
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5.1 Empirical Models
Empirical models are developed using experimental data and statistical curve 
fitting techniques. A phenomenological approach is often used to model creep of 
engineering materials. This approach means that the description of the material 
response is based on macroscopic observations (Boyle and Spence, 1983). Many 
empirical formulae can be used to predict the creep response of an engineering 
material. Statistical analysis algorithms make it possible to develop models that are 
capable of predicting the creep behavior of plastic lumber to a high degree of 
accuracy.
Usually, creep models for engineering materials are based on the use of the 
strain-time response of the material. Other quantities, such as deflection and creep 
modulus, can be obtained using the corresponding relationships. Figure 5.1 shows 
the general strain vs. time response of plastic lumber subjected to constant stress and 
temperature. The response exhibits an instantaneous strain, retarded strain, viscous 
flow, instantaneous recovery strain upon unloading, retarded strain recovery, and 
permanent deformation. Scientifically, the total strain response can be separated into 
the initial elastic strain and the strain after the initial response, which is the creep 
strain. In engineering, it is more common to talk about the creep strain as the total 
strain, and this is the approach used in this work.
For a given material, the creep strain can be written as a function of time, 
temperature, and stress as:
e = f(t, T, a ) (5.1)
When the time-dependent response is represented by the same function for all 
temperatures and stress levels, the model is written in a separable form as:
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Figure 5.1 Strain vs. Time Graph at 100 °F for LumberLast 2x6 Members 
Subjected to a Flexural Stress of 524 psi
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£ = fi(t)f2(T)f3(<7) (5.2)
Various equations can be proposed for each of the functions. For example, the 
time function can be represented by a power law.
f,(t) -  atm (5.3)
where a and m are correlation coefficients for a given material. According to
Arrheniu’s law (Boyle and Spence, 1983), the temperature dependence is expressed
as:
f2(T) = b e x p ( -^ )  (5.4)
where b is a constant, AH is the activation energy, R the Boltzmann’s constant, and T 
the absolute temperature. Similar to the Arrhenius’s law, an exponential equation for 
the temperature dependence can be expressed as:
f2(T) = bexpnT (5.5)
where b and n are correlation coefficients and T is the temperature. The stress 
dependence function for polymers can be expressed with the power law of the form 
(Rabotnov,1969):
f3(<7) = c a p (5.6)
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where c and p are correlation coefficients. Using equations 5.3, 5.5, 5.6 and 
combining the constants a, b, and c into a single constant, A, a creep model that 
takes into account time, temperature, and strain can be expressed as follows:
c = A tmexp nT erp (5 .7 )
where A, m, n, and p are correlation coefficients.
5.1.1 The Time Dependent Function
The creep curve for plastic lumber is a well-defined graph, which when plotted 
on a log-log scale, reveals a linear relationship as shown in Figure 5.2. The equation 
of a straight line in the log-log scale is expressed as:
loge = loga +mlogt (5.8)
Equation 5.8 is the equation of a straight line of the form y=b+mx. Thus, the 
term (log a) represents the y intercept and (m) the slope. Applying the logarithmic 
laws, equation 5.8 can be written as:
log£ = logatm (5.9)
c = atm (5.10)
Equation 5.10 is the power law that can be used to model creep as a time 
dependent function. However, it is expected that the initial slope corresponding to the
first creep stage is different from the longer-term slope. Since the first creep stage















Figure 5.2 Strain vs. Time in Log-Log Scale at 100 °F for LumberLast 2x6 
Members Subjected to a Flexural Stress of 524 psi
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takes place in less than an hour, this equation ca be corrected for a better fit by 
subtracting a constant c0 equivalent to the instantaneous strain. The corrected 
equation can be written as:
lo g (c -co ) =  loga + m lo g t (5 .11)
Equation 5.11 is expressed as.
£ = e0 + atm (5.12)
where c0 is the initial strain, a and m are correlation coefficients, and t is the time. 
Findley (1974,1987) used equation 5.12 to study the creep response of polymeric 
materials. For polymers like polyethylene and PVC, a 26-year test was conducted and 
a good correlation between experimental and predicted values was obtained by using 
equation 5.12. It is not necessary to perform a long-duration creep test to find that 
equation 5.12 is excellent to model the creep response of many polymers, including 
plastic lumber. The linearity of the creep data presented on a log-log scale is 
consistent with the behavior represented by the power law equation.
5.1.2 Statistical Parameters
There are many mathematical expressions that can be used to model the 
creep response. However, the choice of a good model is dependent on several 
factors. A good model must be continuous, and its first derivative must be continuous 
to ensure the trend expected to perform predictions.
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Statistically, the coefficient of determination (r2) is the most common parameter 
to assess goodness of fit (Schiff and D’Agostino, 1996). It is given by the ratio of the 
model sum of squares (SSM) to the total sum of squares (SST).
The degrees of freedom adjusted coefficient of determination (DOF r2) will be 
a better indicator of the goodness of fit, in some cases, because the simple coefficient 
(r2) will increase with increasing number of terms in an equation, even though there 
has been no real improvement in the fit. For both coefficients, a value close to 1 is 
desired (Ott, 1993).
The Fit Standard Error (FSE) is another statistical criterion that is the actual 
least squares error of fit or root of the mean square for error (MSE). A value close to 
zero is desired for the FSE. The disadvantage of this criterion is that the values will 
not be normalized and cannot be used to compare the fit of dissimilar data sets 
(Ott, 1993).
F-statistic is another statistical parameter that increases when an additional 
parameter makes a contribution to the model. The higher the F-statistic, the better the 
model (Ott, 1993). The F-statistic value depends on the degrees of freedom which 
depend on the data. In this investigation, according to the data available, F-statistic 
values of 20 or more will represent a good fit. When modeling creep, it is 
recommended that at least two statistical tests be performed to asses goodness of fit.
5.1.3 Creep Models
The following equations were utilized to model the creep response of plastic 
lumber using Table Curve 2D Jandal Scientific Software.
1.-LDR1 b (5.13)
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2.- LDR2 (5.14)
3.- Power law ( P1) c = a + btc (5.15)
4.- Power law ( P2 ) (5.16)
5.- Logarithmic ( LOG ) c = a + bint (5.17)
In all these equations, a,b,c, and d are correlation coefficients. Equations 5.13 
and 5.14 are the Logistic Dose Response equations with intercept (LDR1) and without 
intercept (LDR2). All these equations were found to provide a reasonable fit of the 
data. However, it is important to see what happens outside of the data range. In order 
to use the same equation for the first and second creep stages, the initial reading is 
important to improve the fit. In this investigation, it was discovered that the coefficient 
of determination is improved if, instead of taking the starting point at zero time, it is 
taken at a few seconds. This approach is justified because the load placements can 
take about 5 seconds according to the ASTM D6112-97 testing standard. However, in 
actual creep tests the load placements takes more time. Without a data acquisition 
system it is difficult to record the first reading accurately within a few seconds. In this 
investigation the focus is on the second stage of the creep response and predicting 
long-term creep from data obtained for a 700 hours duration. The timing of the initial 
reading if taken within the first minutes does not appear to impact the model ability to 
predict the long-term creep strain. Table 5.1 shows the improvement in the coefficient 
of determination that results from increasing the time of the initial reading.
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Table 5.1 Coefficient of Determination r2 of the Models for Different Times 
of the Initial Reading





LDR1 LDR2 P1 P2 LOG
0 0.9997 0.8358 0.9917 0.8358 0.4719
1 0.9998 0.9767 0.9954 0.9767 0.8876
5 0.9998 0.9838 0.9957 0.9856 0.9249
10 0.9998 0.9923 0.9976 0.9923 0.9440
30 0.9998 0.9972 0.9988 0.9972 0.9620
60 0.9998 0.9991 0.9994 0.9991 0.9736
Looking at the values for the r2 in Table 5.1, it can be concluded that the 
optimum timing for the initial reading is at 60 seconds. The statistical parameters for 
the various models using the 60-second initial reading time are shown in Table 5.2. It 
can be seen that the parameters are excellent; the r2 and the DOF r2 are close to one, 
the FST values are almost zero, and the F-statistics are very high.
Table 5.2 Different Prediction Models for a 60-second Initial Reading Time
Statistical
Parameter
Value of Statistical Parameter
Model
LDR1 LDR2 P1 P2 LOG
r2 0.99980 0.99910 0.99940 0.99910 0.97360
DOF r2 0.99970 0.99870 0.99910 0.99880 0.96780
FST 0.00005 0.00010 0.00009 0.00010 0.00052
F-statistic 12240 4757 7173 10590 369
The LDR1 model has the best goodness of fit based on the statistical 
parameters of Table 5.2, followed by the models P1, P2, LDR2, and LOG. Within the 
range of the data, all the equations represent the response reliably and accurately.
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The values of the correlation coefficients for the various models are given in Table 5.3 
for Lumber Last 2x6 members tested at 73 °F and subjected to a stress of 524 psi.
Table 5.3 Correlation Coefficients for Model Equations for the 2x6 Cross Section 
at 73 °F and 524 psi
Correlation
Coefficient
Value of Correlation Coefficient
Model
LDR1 LDR2 P1 P2 LOG
a 0.003036 18.711184 0.000940 0.006804 0.007320
b 0.024679 1.102E+32 0.005836 0.107280 0.000887
c 2278.3000 -0.107333 0.120657 - -
d -0.227609 - - - -
Figure 5.3 shows a graph of the strain predicted by the five models within the 
range of the experimental data. It can be seen that the first four models overlap the 
data almost exactly. The logarithmic model deviates slightly from the data. This is 
expected given the values of the statistical parameters associated with this model in 
Table 5.2. Figure 5.4 illustrates how the models predict outside of the range of the 
experimental data. It can be seen from Figure 5.4 that the logarithmic equation which 
is often used to model the creep of materials like wood and plastics, under-predicts 
the creep values. The creep data plotted on a log-log scale follows a straight line. The 
response predicted by the five models is plotted in Figure 5.5 to observe the 
predictions over a long period of time. Analyzing this figure, it can be seen that the 
logarithmic model prediction is not consistent with the data. Thus, this model is not 
recommended. The LDR1 model is the best within the data range but exhibits 
problems similar to that of the logarithmic model outside the range of the tests data. 
For this reason, this model is also not recommended. The LDR2 model prediction is
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Figure 5.3 Comparison of Experimental and Predictive Creep Strain for 
LumberLast 2x6 Members at 73 °F and 524 psi Flexural Stress
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Figure 5.4 Long-term Creep Strain Predicted by the Empirical Creep Models 
for LumberLast 2x6 Members at 73 °F and 524 psi Flexural Stress


















Figure 5.5 Long-term Creep Predicted by the Empirical Creep Models
for LumberLast 2x6 Members at 73 °F and 524 psi Flexural Stress 
Shown in a Log-Log Scale
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very similar to that of the power law model P2. The LDR2 model is used to model 
chemical and physical responses. It appears to be valid for modeling the creep 
response of plastic lumber since it compares well with the experimental data and 
predicts rational long-term creep response. For plastic lumber the power law models, 
P1 and P2 are more practical. They agree with the experimental data extremely well, 
and, like the LDR2 model, they predict the long-term response very well. Additionally, 
when the response is plotted on a log-log scale, the power law models show a linear 
relationship. It is difficult to decide which of the two power law models is the more 
reliable because their responses are almost identical. If the decision is based on 
providing a conservative estimate, the power law P1 is better. However, there is little 
difference between the values predicted by these two models and the author does not 
have a specific preference of one model over the other.
Table 5.4 shows the values for the correlation coefficients for the three 
models, LDR2, P1 and P2 obtained for 2x4 and 2x6 members for different stress 
levels and ambient temperature of 73 °F. It can be seen that all the values of the 
correlation coefficient b, for the simple power law P2 are almost constant. In a log-log 
scale, this value represents the slope of the straight line which is independent of 
member size and stress level. This implies that for any stress level, the response 
curve in a log-log scale is the same and only shifts along the strain axis depending on 
the stress level. Based on this observation, a factor to account for this shift caused by 
the stress level can be developed. The stress correction factor is developed in section 
5.1.5.
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a 0.017864 -0.004866 0.004858
b 278.88662 0.009803 0.108497
c -0.173601 0.060591 -
830
a 0.042901 -0.014162 0.012269
b 153.5275 0.026668 0.108565
c -0.179701 0.056886 -
2x6
262
a 0.121238 -0.000163 0.002870
b 3.222E+15 0.003038 0.100906
c -0.104148 0.096436 -
524
a 18.711184 0.000940 0.006804
b 1.102E+32 0.005836 0.107280
c -0.107333 0.120657 -
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5.1.4 The Temperature Correction Factor
Temperature has a significant effect on the creep response of plastic lumber. 
Figure 5.6 shows the effect of temperature on the creep response. It can be seen 
that the response curves have the same shape for all temperatures. In other words, 
the creep response is similar in nature and the temperature only shifts the values 
along the strain axis. On a log-log scale, the creep response at different temperatures 
is represented by a family of lines as shown in Figure 5.7. If the shift caused by 
temperature is known then the response at a reference temperature can be used to 
predict the response at other temperatures. In this work, the temperature of 73 °F is 
taken as the reference temperature To. The temperature factor, Ft, which can be 
applied to the response at the reference temperature to estimate the response at 
other temperatures, can be obtained by dividing the data collected at temperature T, 
by the corresponding data collected at temperature To This idea can be expressed 
as:
f y n  £i
Ft = (5.18)
where
F t=  temperature factor for temperature T  
£i = strain at temperature T and time i 
Ea = strain at reference temperature To and time i 
n = number of readings 
Table 5.5 illustrates the use of data to compute the temperature factors from 
the creep data using equation 5.18. Because of the similarity in the shape of the 
response curves, the temperature factor is almost constant for a given temperature.
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Figure 5.6 Effect of Temperature on Flexural Creep of LumberLast 2x6 
Members Subjected to a Flexural Stress of 524 psi
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Figure 5.7 Effect of Temperature on Flexural Creep of LumberLast 2x6 
Members Subjected to a Flexural Stress of 524 psi 





















Table 5.5 Temperature Factors for the 2x6 Cross Section at 524 psi
Time Strain (in/in) Temperature Factor, FT
(hrs) @63°F @73°F @ 100°F For T= 63°F For T= 73°F For T= 100°F
0.000 0.00359 0.00458 0.00676 0.785 1.000 1.476
0.167 0.00439 0.00560 0.00841 0.782 1.000 1.500
1.000 0.00532 0.00667 0.01034 0.798 | 1.000 1.551
25.000 0.00773 0.00954 0.01502 0.811 1.000 1.576
50.000 0.00830 0.01029 0.01609 0.807 1.000 1.564
75.000 0.00865 0.01076 0.01691 0.805 1.000 1.572
100.000 0.00894 0.01117 0.01732 0.800 1.000 1.551
200.000 0.00981 0.01208 0.01875 0.812 1.000 1.552
300.000 0.01024 0.01261 0.01954 0.812 1.000 1.549
400.000 0.01061 0.01304 0.02004 0.814 1.000 1.537
500.000 0.01086 0.01329 0.02037 0.817 1.000 1.533
700.000 0.01109 0.01364 0.02097 0.814 1.000 1.538
Mean 0.805 1.000 1.541
Std. Dev. 0.011 0.000 0.029
COV % 1.420 0.000 1.859
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For a given temperature T, the coefficient of variation (COV) of F t is very low. This 
shows the time independence of the temperature factors. Table 5.6 presents the 
temperature factors for the different member sizes and stress levels used in the 
testing program. It is evident that stress level has a small influence on the 
temperature factor. The stress correction factor will be discussed in the next section.












COV (%) of 
F t
63 0.864 0.033 3.799
415 73 1.000 0 .0 0 0 0 .0 0 0
100 1.801 0.064 3.559
^X 4
63 0.739 0.019 2.628
830 73 1.000 0 .0 0 0 0 .0 0 0
100 1.537 0.067 4.365
63 0.880 0.029 3.250
262 73 1.000 0 .0 0 0 0 .0 0 0
2x6
100 1.638 0.113 6.877
63 0.805 0.011 1.420
524 73 1 .000 0 .0 0 0 0 .0 0 0
100 1.541 0.029 1.859
If the small influence of stress level on the temperature factors is ignored, then 
the average values of the temperature factors are given in Table 5.7. It can be seen in 
Table 5.7 that the average temperature factors for the 2x4 and 2x6 cross sections are 
very similar. Therefore, it is reasonable to assume that the influence of the cross 
section on the temperature factor can be neglected.
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Table 5.7 Average Temperature Factors









An empirical formula for estimating the temperature factor, F t, will be useful in 
predicting the overall response of plastic lumber. The development of an expression 
for the temperature factor is presented here. Theoretically, according to the 
Arrhenius’s law, the temperature dependence is expressed as:
f(T) = aexp (--j^) (5.19)
Where a is a constant, AH is the activation energy, R the Boltzman’s constant, and T 
the absolute temperature. By analogy, the following exponential equation is proposed:
FT = aexp(£) (5.20)
where a and b are correlation coefficients and T is any temperature of interest. In 
Table 5.8 are the values for the correlation coefficients a and b of equation 5.20 for 
the different test conditions. Also presented is the value for the coefficient of 
determination (r2), which in all cases is close to one, meaning a good fit
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Table 5.8 Values for the Correlation Coefficients of the Exponential Equation 5.20
Cross Stress Correlation Coefficient r2




830 0.2500 54.8240 0.9835
2x6 262
0.2883 57.6450 0.9972
524 0.2832 58.9480 0.9968
2x4 415, 830 0.2384 51.3520 0.9990
2x6 262, 524 0.2862 58.3440 0.9999
A simple power law can also be used for the temperature function. The power 
law is expressed as follows:
F t  = aTb (5.21)
where a and b are correlation coefficients and T the temperature. This power law also 
yields a good fit as shown in Table 5.9. However, the author recommends the 
exponential law because this equation yields a good fit and, in the theory of polymers, 
exponential equations like the Arrhenius’s law are used to model the temperature 
dependence.
Table 5.9 Values for the Correlation Coefficients of the Power Law Equation 5.21
Cross Stress Correlation Coefficient -2
Section (psi) a b
415 0.00074 1.69354 0.99000zx*t
830 0.00152 1.50349 0.99200
262 0.00234 1.42147 0.99000ZXD
524 0.00251 1.39440 0.99900
2x4 415, 830 0.00105 1.60156 0.99900
2x6 2562, 524 0.00244 1.40652 0.99800
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5.1.5 The Stress Correction Factor
The stress level is an important variable that influences the response of plastic 
lumber. However at the relatively low design stress levels, stress is likely to have little 
influence because the material behavior is almost linear viscoelastic. That is, the 
average creep modulus is essentially the same at any stress level, as analyzed in the 
previous chapter. The response of plastic lumber under design loads is always likely 
to be linear viscoelastic.
A factor to account for the influence of stress on the creep response can be 
developed from the tests data obtained at different stress levels. In this investigation, 
specimens of 2x4 cross section were tested at stress levels of 415 psi and 830 psi; 
and specimens of 2x6 cross section were tested at stress levels of 262 psi and 524 
psi. Therefore, the four sets of data obtained for the four stress levels can be used to 
find the equation for the stress correction factor. The change in stress level causes a 
shift in the creep response on the strain axis similar to that caused by a temperature 
change. Therefore, a stress correction factor can be computed following the same 
procedure used for determining the temperature correction factor. The stress factor, 
F „ which can be applied to the response at a reference stress, o-0, to estimate the 
response at other stresses can be obtained for a given stress a, by dividing the data 
collected at stress a , by the corresponding data collected at stress <rQ This idea can 
be expressed as;




F < r-  stress factor for stress a  
£i = strain at stress a  and time i
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£o< = strain at reference stress a0 and time i 
n = number of readings 
Table 5.10 illustrates the use of data set to compute the stress factors from 
the creep data using equation 5.22. Because of the similarity in the shape of the 
response curves, the stress factor is almost constant for a given stress. For a given 
stress or, the coefficient of variation (COV) is very low. This shows the time 
independence of the stress factors. Table 5.11 presents the stress factors taken as a 
reference each of the stress levels used in the test program and at the reference 
temperature of 73 °F.
For the stress factor F*. different equations can be proposed but the power 
law gives the best fit to the test data. The power law can be expressed as:
F a =  a<rb (5.23)
where a, b are correlation coefficients and a  is the stress. Table 5.12 gives the values 
for the coefficients a and b in equation 5.23 for each of the stress levels used in the 
test program. The coefficients a and b in equation 5.23 were obtained using Table 
Curve 2D Jandal Scientific Software.
The value for the coefficient of determination r2 is almost one, indicating a 
good correlation. The value for the coefficient b for the various conditions is the same 
because on the log-log scale it implies that the slope of the straight line does not 
change. Changing the reference stress changes only the value of the constant a in 
the power law equation. The technical literature on the behavior of polymers suggest 
that the power law works for low and high stress levels.
















Table 5.10 Stress Factors at the Reference Stress of 524 psi and Reference Temperature of 73°F
Time Strain (in/in) Stress Factors, Fa
(hr) @ 262 psi @ 415 psi @ 524 psi @ 830 psi 0=262 psi 0= 415 psi 0= 524 psi 0= 830 psi
0.000 0.00187 0.00301 0.00458 0.00754 0.408 0.657 1.000 1.646
0.167 0.00239 0.00363 0.00560 0.00933 0.426 0.648 1.000 1.664
1.000 0.00293 0.00481 0.00667 0.01191 0.440 0.722 1.000 1.786
25.000 0.00394 0.00712 0.00954 0.01814 0.414 0.747 1.000 1.902
50.000 0.00423 0.00765 0.01029 0.01947 0.411 0.744 1.000 1.893
75.000 0.00445 0.00797 0.01076 0.02021 0.414 0.741 1.000 1.879
100.000 0.00458 0.00817 0.01117 0.02075 0.410 0.732 1.000 1.857
200.000 0.00490 0.00868 0.01208 0.02199 0.406 0.719 1.000 1.821
300.000 0.00510 0.00900 0.01261 0.02272 0.404 0.714 1.000 1.801
400.000 0.00527 0.00921 0.01304 0.02326 0.404 0.706 1.000 1.784
500.000 0.00540 0.00937 0.01329 0.02364 0.406 0.705 1.000 1.779
700.000 0.00553 0.00957 0.01364 0.02421 0.405 0.702 1.000 1.775
Mean 0.412 0.711 1.000 1.799
Std. Dev. 0.011 0.031 0.000 0.081
COV % 2.557 4.414 0.000 4.517
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COV (%) of 
F a
262 0.581 0.032 5.504
415 415 1.000
0.000 0.000
524 1.408 0.065 4.605
830 2.529 0.023 0.915
262 0.230 0.013 5.651
830 415 0.395
0.004 0.922
524 0.557 0.026 4.654
830 1.000 0.000 0.000
262 1.000 0.000 0.000
262 415 1.726
0.089 5.156
524 2.426 0.060 2.457
830 4.360 0.235 5.376
262 0.413 0.011 2.557
524 415 0.711 0.031
4.414
524 1.000 0.000 0.000
830 1.799 0.081 4.517
Table 5.12 Values for the Coefficients of Equation 5.23
Reference Stress (psi) a b r2
415 0.000409 1.299 0.999
830 0.000162 1.299 0.999
262 0.000704 1.299 0.999
524 0.000288 1.300 0.999
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5.1.6 The Creep Model with Temperature and Stress Factors
Once the time function, the temperature correction factor and the stress 
correction factor are obtained the creep model can be expressed as:
* = £(t)FTFff (5.24)
where
e = total strain at any time 
fi(t) = time-dependent strain function 
Ft = temperature correction factor 
F a = stress correction factor
From section 5.1.3, e(t) can be taken as:
e(t) = a + btc (5-25)
where the values for the coefficients a, b, and c are given in Table 5.4 for the different 
test conditions. From section 5.1.4 the temperature correction factor can be taken as:
FT = aexp(J) (5.26)
where the coefficients a and b are given in Table 5.8. From the preceding section the 
stress factor can be taken as:
F<r =  a o b (5.27)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
115
where the coefficients a and b are tabulated in Table 5.12. Substituting equations 
5.25, 5.26, and 5.27 into equation 5.24 and reducing some constants, the creep 
model can be expressed as:
In this equation A,B,c,d, and e are new correlation coefficients. This general 
equation, can be used to represent the overall creep response. The values of the 
constants in this equation will depend on the experimental data and test conditions 
used to develop the model. It is not necessary to obtain all the different possible 
equations because in practice if one model equation is obtained, the other results can 
be predicted. To predict the response at different temperatures and stress levels, it is 
recommended to develop a model generated with data obtained at a reference 
temperature and stress level. In this study a model obtained from the experimental 
data of the 2x6 cross section at a reference temperature of 73 °F and stress of 524 
psi, would be the most appropriate. This model can also be used to predict results for 
the 2x4 cross section and is expressed as:
(5.28)
e= (7.666790E-® +4.759935E-7t0120eB7)e xp (g g ^g )ff1 300 (5.29)
where
t = time in hours
T= temperature in °F
(7= stress in psi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
116
Figure 5.8 shows the experimental data in comparison with the data predicted 
using the model equation 5.29 at different temperatures. It can be seen that the 
predictions are quite accurate. Figure 5.9 shows the experimental data and model 
predictions using equation 5.29 at different stress levels. Again, the model is seen to 
predict data at different stress levels with reasonably accuracy.
5.2 The Mechanical Four-Parameter Model
Linear viscoelastic models are the most convenient rheological models to 
describe the creep response of plastic lumber because of the comparatively low 
design stress levels and deformation limits used in the design of plastic lumber 
members.
Rheology is a branch of physics concerned with the time-dependent 
deformation of solids and with the viscous flow of liquids (Sobotka, 1984).The widest 
application of rheology is in the research of properties of polymers. Rheological 
models can be used to illustrate the viscoelastic response of plastic lumber. These 
models are mechanical analogies that demonstrate the interrelationship between the 
elastic and viscous response of plastic lumber. Simple and complex models can be 
proposed to evaluate the response of the material. As the model becomes more 
complex, more constants are required and elaborate experiments are needed to 
evaluate the constants. The basic elements of the rheological models are the springs 
and dashpots. The spring represents an elastic element and the dashpot a viscous 
element (Creus, 1986). As in empirical modeling, different types of mechanical 
models can be proposed to represent the creep response of plastic lumber. Models 
like that of Maxwell and Kelvin are used to represent basic responses of materials. In 
polymers, these models are appropriate but have some limitations because polymers 
are made of molecules that exhibit a very complex behavior. In a mechanical model
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Figure 5.8 Strain vs. Time Graphs of Experimental Data and Model Prediction 
(Equation 5.29) at Different Temperature Levels













Figure 5.9 Strain vs. Time Graphs of Experimental Data and Model Prediction 
(Equation 5.29) at Different Stress Levels
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each spring or dashpot represents a mechanical analog to the response of the 
material. However, the most complex mechanical model may not be able to describe 
the full spectrum of the polymer response. In the case of plastic lumber, the Maxwell 
and Kelvin models have elements which allow representation of the viscoelastic 
response of the product. A combination of these two models in series satisfactorily 
describes the creep response of plastic lumber. This four-parameter model is shown 
in Figure 5.10.
When this model is subjected to a constant stress, the response includes an 
instantaneous elastic strain caused by spring 1, retarded elastic strain by the Kelvin
component, viscous flow by dashpot 1 , instantaneous elastic strain on unloading from
spring 1, retarded strain recovery from the Kelvin element, and permanent 
deformation in dashpot 1. The four-parameter model response is shown in Figure 
5.11. This model can be described as the combined response of a Hookean elastic 
element, a Kelvin retarded-elastic solid, and a Newtonian viscous fluid.
When the load is removed at time ti, the response is also the composite of the 
response corresponding to the Kelvin and Maxwell models. The response of this 
mechanical model is similar to that exhibited by plastic lumber. The strain equation for 
this mechanical model is represented as a combination of the response of the 
Maxwell and Kelvin models as follows:
£ = EMaxwdl+ EKetvin (5.30)
£ =  £M +  EK (5.31)






Figure 5.10 The Four-Parameter Model



















Figure 5.11 The Creep Response of the Four-Parameter Model
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The constitutive equations for the Maxwell and Kelvin deformation are expressed as:
Maxwell ^ + ( ' f r ) <7 = E ’ cm (5.32)
Kelvin *K + ( f = (5.33)
where
a  = stress
g  = stress rate ( )
e =  strain
s =  strain rate ( j|y )
Ei = modulus of elasticity of spring 1 
E2 = modulus of elasticity of spring 2 (-pr)
>71= viscosity of dashpot 1 ( '^ 2']
>72= viscosity of dashpot 2  (-^2")
The combination of equations 5.31, 5.32, 5.33, and the elimination of the 
subscripts for the Maxwell and Kelvin models gives the second-order linear differential 
constitutive equation:
d 2a  
dt2
E1 , E1 , E2 ld<r , f E iE 2 \  r  ( d £ e V  ( l i l l Y d e  ,c  o a \
»71 + *12 + >72idt + U l7 2  Jf f - E l ld t2 J I  72 Jdt (5,34)
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The solution of this general equation depends on the phenomenon in study. For 
creep, the stress a  is always a constant stress, a 0 , and, as a result, the stress rate, 
do, is zero. Under these conditions, the general differential equation reduces to:
To solve the equation for creep, two initial conditions are required. These conditions 
are:
1. The initial strain which is given as:
2. The rate of strain of the four-parameter model is equal to the sum 
of the rates of strain of each of the two components:
+ (5.37)
The solution to equation 5.35, with these boundary conditions, can be 
obtained using the method of undetermined coefficients for nonhogeneous equations 
(Kreyszig, 1988). The solution is the creep response of the four-parameter model 
which is given as:
It can be seen that the first two terms in the first square brackets correspond to the 
Maxwell element response and the other terms to the Kelvin element response. The 
four-parameter model qualitatively describes the response observed for plastic lumber 
under a long-term constant load. To obtain the creep strain using equation 5.38 for a 
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constants (Ei and E2) for the springs and the two viscous constants ( 71 and >72) for 
the dashpots. Figure 5.12 shows graphically how to obtain these values from the 
experimental results. In this figure, line 1 corresponds to the initial elastic strain of 
spring 1, and its value is given by |£-. Line 2 represents the time dependent response
of dashpot 1 and its position at time t is given by 7̂ -t . Lines 1 and 2 represent the 
response of the Maxwell component in the model. The response of the Kelvin element 
composed of spring 2 and dashpot 2 is given by line 3 with a maximum strain of
permitted by spring 2. The combination of the responses of the Maxwell model (lines 
1 and 2) and the Kelvin model (line 3) gives the response of the four-parameter model 
represented by the solid line 4.
Equation 5.38 can be rewritten as follows:
e ~  a 0 (5.39)
Computing the parameters from the experimental data for equation 5.39, the following 
model equations were generated for the time function at temperature of 73 °F:
Model equation based on data from the 2x4 cross section at a  =415 psi:
£ = 415[ 137874 + 328843000 + 724260 -exp(  ^IsE®4)) ] (5,40)
Model equation based on data from the 2x4 cross section at a  =830 psi:
e = 830[ 110080 + 263827000 + 57124 0  "  exp(  3S25E" )) 1 (5 41)
Model equation based on data from the 2x6 cross section at a  =262 psi:
e = 262[ 140107 + 332867000 + 83706 0  "  exp(^25E « )) I (5'42)








Rgure 5.12 Elements of the Creep Response of the Four-Parameter Model
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Model equation based on data from the 2x6 cross section at a  =524 psi:
c_524[ 114410 + 248813000 + 68497
-68497t (5.43)
Any of these equations can be used as the time function for the creep model. 
There are relatively small differences between the parameters for each model 
equation. This difference can be attributed to the experimental data collected at 
different stress levels, and the variability of plastic lumber tests specimens. Another 
reason for the difference between the parameters is because the time constant 
defined as A = does not have a fixed value. This time constant has a wide
spectrum of values. If the creep modulus E is almost constant at any stress level, then 
when the time constant A changes, the value of the parameter rj will also change. The 
higher the stress, the greater the change in A and hence the influence on the 
parameters.
The temperature and stress corrections incorporated into the four-parameter 
model can be done using equation 5.20 for temperature and equation 5.23 for the 
stress. Using the numerical values for the coefficients of these equations and one of 
the equations from 5.40 to 5.43, the creep model with temperature and stress effects 
can be constructed using equation 5.24. Equations generated from data with a 
intermediate temperature and stress levels are recommended for the model. 
Therefore, the creep model based on equation 5.43 and the corresponding 
temperature and stress expressions is given as:
£ = 3.74E" 7 +1.72E"10t+6.24E-7 1 - exp(0.02108t)
1
}  ] exp( 58.948) ff13
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Figure 5.13 shows the experimental data and the response predicted by using 
the model equation 5.44 at different temperatures. Figure 5.14 shows the 
experimental data and the results from the model at different stress levels. It can be 
concluded from these two figures that the model is accurate to predict data at 
different temperatures and stress levels. The model given by equation 5.44 for the 
four-parameter model, when compared with the model represented by equation 5.29, 
is more difficult to obtain and looks more complicated because the time function in 
this model is not as simple as the power law. The advantage of the four-parameter 
model is that it gives a physical phenomenological explanation for the creep 
response.
5.3 Long-term Predictions
There is no theory or a universal rule to extrapolate data beyond the limits of 
the experimental data. Some authors recommend that extrapolating be limited to no 
more than one logarithmic cycle beyond the last data point. This means that from 
experimental data obtained over a 1000 hour period, data can be reasonably 
predicted until 10,000 hours (Horsley, 1971).
Extrapolation using a creep model is possible but there are some important 
factors to be considered when long-term predictions are performed. With the creep 
model, it is possible to extrapolate to high strain levels but the material can fail before 
the predicted strain levels are reached. Fortunately, plastic lumber can withstand high 
strain levels before failure occurs. The strain levels resisted by plastic lumber are 
generally beyond the allowable design limit. Some of the factors to be considered 
when extrapolation is performed are:
1. Stress Crazing. A craze is initiated when the stress level causes microvoids 
due to stress concentrations. This results in a localized yield region capable of
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Figure 5.13 Strain vs. Time Graphs of Experimental Data and the
Four-Parameter Model Prediction at Different Temperature Levels
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Figure 5.14 Strain vs. Time Graphs of Experimental Data and the
Four-Parameter Model Prediction at Different Stress Levels
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transmitting loads. This region consists of an interpenetrating system of voids and 
polymer fibers. The phenomenon of crazing is frequently a precursor to brittle 
fracture. The fibers support the load until the material finally cracks (Kinloch and 
Young, 1983).
2. Stress Cracking. This phenomenon implies localized failure that occurs 
when local stresses cause high local deformation. This type of local failure is 
characterized by the formation of microcracks. This type of failure is more common in 
brittle materials than in ductile materials (Kinloch and Young, 1983).
3. Stress Whitening. This term implies different microscopic effects that 
produce a cloudy, foggy or whitening appearance in transparent polymers carrying 
loads. Microvoid clusters are the primary cause of stress whitening. This phenomenon 
may not substantially reduce the load-bearing capabilities of the material but can be 
the initialization of other type of more severe failure (Kinloch and Young, 1983).
The creep prediction in polymers must be performed carefully because their 
behavior is complicated. If the strain limit of the material is known, predictions can be 
made below these limits to be sure that the material will not fail at the predicted strain 
level. In the case of plastic lumber, creep predictions for low stress levels can be 
made for very long times because the low stress levels cause small strains, and 
plastic lumber can generally support strains as high as 3% before failure under 
long-term loading. In construction, the strain in the plastic lumber will generally be 
limited to 1% or less. Predictions below the 1% strain level can be made without any 
risk of failure.
Creep predictions, requires the use of a reliable model. Some models fit the 
experimental data quite well, but outside the data range the situation can be different, 
in the previous sections of this chapter, different creep models were developed. The
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power law models, P1 and P2, given by equations 5.15 and 5.16 respectively were 
judged to be the most reliable. The mechanical four-parameter model was also judged 
to be a reliable model. For the long-term predictions based on data from the 2x6 cross 
section specimens at 73 °F and stress level of 524 psi, the time functions for the two 
power laws and the four-parameter model are as follow:
Power law P1 t  = 0.000940 + 0.005836t°120657 (5.45)
Power law P2 e = 0.006804t°107280 (5.46)
Four-parameter model
£ = 524 1_____  t114410 248813000 T 684974 9 7 O  <5  4 7 >
In these models, t is the time in hours. The correlation coefficients for the 
power laws are from Table 5.4 and the four-parameter model was taken from 
equation 5.43. Figure 5.15 shows the predicted values of strain using these models 
for a time period of 10 times that of the test period. The two power law models P1 and 
P2 produce very similar results. The mechanical model of equation 5.47 predictions 
follow a different trend and over predicts the results out the range of test data. It is 
known that the strain vs. time data for creep tests on polymers follow a straight line 
when plotted on the log-log scale. Figure 5.16 shows the model predictions plotted on 
a log-log scale. It can be seen that the predictions using the power laws follow the 
linear trend but the four-parameter model predictions become non-linear on a log-log 
scale after three times the time period of the data range. The four-parameter model is
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Figure 5.15 Strain vs. Time Graphs for the Prediction by Different 
Creep Models for LumberLast 2x6 Members at 73 °F 
and Flexural Stress of 524 psi
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Figure 5.16 Strain vs. Time Graphs in a Log-Log Scale for the Prediction
by Different Creep Models for LumberLast 2x6 Members at 73 °F 
and Flexural Stress of 524 psi
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a reliable model within the data range and to perform predictions up to three times the 
data range. All the models have advantages and disadvantages, but for the second 
creep stage predictions over very long times, the power laws appear to be the most 
reliable. As mentioned previously in the case of the creep response of plastic lumber, 
the following power laws are the most reliable models:
Power law (P1) e = a + btc (5.48)
Power law ( P2) c = atb (5.49)
where a, b, and c are correlation coefficients, and t is the time. Because there is not a 
universal law to make predictions, the question of the reliability of the predictions with 
increasing time is a vital issue. The exact answer to this question is unclear but to get 
a reasonable answer a 3000 hour creep test was performed using 2x6 cross section 
specimens at 73 °F and stress level of 372 psi. Then, using equations 5.48 and 5.49, 
the correlation coefficients were computed with partial experimental data up to 50, 
100, 200, 300, 700, and 3000 hours. The concept was to assess the reliability of the 
creep prediction models using limited experimental data to determine the correlation 
coefficients. The values of the coefficients of equation 5.48 with data over different 
periods of time are given in Table 5.13. The values for the coefficients of equation 
5.49 for the same conditions are given in Table 5.14.
Numerically, the coefficients for the power law of equation 5.49 are very similar 
over all time periods. This gives a good indication that predictions can be made for 
more than one logarithmic cycle for plastic lumber. For example, the equation based 
on 50 hours of data is similar to the equation generated using 300 hours and 3000
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hours of data. This observation suggests that an equation generated using 
experimental data can be used to predict values for at least two logarithmic cycles or 
more as long as the material does not fail because of excessive deformation. 
Fortunately, plastic lumber is normally able to support strain levels in excess of 3% 
without failure.
Table 5.13 Values for the Coefficients of Equation 5.48 Obtained from 
Data of LumberLast 2x6 Members at 73 °F and 372 psi
Coefficient
Value of Coefficient
@50h @1C0h @200h @300h @700h @3,000h Average
a 0.0005274 0.0003234 -0.0003515 -0.0007159 -0.0023056 -0.0045203 -0.0011738
b 0.0034298 0.0036431 0.0043479 0.0047258 0.0063594 0.0086127 0.0051864
c 0.1114711 0.1049753 0.0886586 0.0819078 0.0618426 0.0464759 0.0825552
r2 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Table 5.14 Values for the Coefficients of Equation 5.49 Obtained from 
Data of LumberLast 2x6 Members at 73 °F and 372 psi
Value of Coefficient
Coefficient
@50h @100h @200h @30Oh @700h @3,000h Average
a 0.0039805 0.0039809 0.0039838 0.0039876 0.0040115 0.0040798 0.0040040
b 0.0970852 0.0969983 0.0957459 0.0948688 0.0913616 0.0855667 0.0936044
r2 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Figure 5.17 shows a plot of equation 5.48 with the coefficients generated with 
different time period data sets in comparison to the experimental creep data. It can be 
concluded that the model generated with the least possible data produces the most 
conservative predictions. However, it is very important to note that this power law 
equation can be used to reliably predict the long-term creep response. These
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Figure 5.17 Strain vs. Time Graphs Obtained Using the Predictive Equation 5.48 
with the Coefficients Evaluated with Partial Data for LumberLast 
2x6 Members at 73 °F and Flexural Stress of 372 psi
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equations are also plotted on a log-log scale in Figure 5.18 where it can be seen that 
for very long times (10 years) ail of them follow the linear trend and, they are very 
close. A mathematical model of the form of equation 5.48 was used by Findley to 
perform creep prediction in polyethylene using tests up to 26 years (Findley, 1987). 
Figure 5.19 and 5.20 show the plots for the predictive equations at different times 
using the simple power law equation 5.49. Within the experimental data range, the 
results are very similar to the results of equations 5.48. It can be concluded that both 
equations can reliably predict the long term creep response for plastic lumber.
The four-parameter model equation generated from experimental data up to 
700 hours at 73 °F and stress level of 372 psi is expressed as:
£ = 372 137778 + 441553509 + 95385 0  exp( (5 50)
Figure 5.21 shows the response generated by the power low equations and 
the four-parameter model. The three models shown in this figure were obtained using 
experimental data up to 700 hours and compared to experimental data obtained in the 
3000 hour period. It can be seen that the power laws follow the experimental data 
outside the 700 hours used to obtain the models. The four-parameter model follows 
the experimental data under the range used to obtain the model but for very long-term 
predictions this model will give conservative results.
For plastic lumber, creep response predictions can be made for more than 
one logarithmic cycle as long as the strain is below 3% . This strain limit is very high 
compared to the normal deformation limit permitted by the building codes. Therefore, 
in structural applications, plastic lumber deformation will be very low. The power laws
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Figure 5.18 Strain vs. Time Graphs in a Log-Log Scale Obtained
Using the Predictive Equation 5.48 with the Coefficients 
Evaluated with Partial Data for LumberLast 2x6 Members 
at 73 °F and Flexural Stress of 372 psi



















1 -  50 h 
2.- 100 h
3 - 200 h
4 - 300 h 
5.-700 h 
6 - 3000 h
500 1000 1500 2000 2500
Time ( hrs)
3000 3500
Figure 5.19 Strain vs. Time Graphs Obtained Using the Predictive Equation 5.49 
with the Coefficients Evaluated with Partial Data for LumberLast 
2x6 Members at 73 °F and Flexural Stress of 372 psi
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Figure 5.21 Strain vs. Time Graphs Obtained Using the Predictive 
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with the Coefficients Evaluated with Partial for LumberLast 
2x6 Members at 73 °F and Flexural Stress of 372 psi
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used for predictions will give slightly conservative results because the equations 
generated with partial data are always a little above of the full data set as can be seen 
in Figures 5.17 and 5.19. To perform very long-term predictions, the more creep data 
available the better the model will be. It is recommended that at least 1000 hour data 
be collected to be sure that the retarded elastic deformation has been completed. In 
the type of plastic lumber tested, the retarded elastic strain appears to be completed 
within 500 hours. Finally, creep tests are expensive and difficult to perform. However, 
it is not possible to substitute creep tests with traditional short-term tests to predict 
long-term deformation, but it is possible to develop a reliable model with relatively 
short-duration tests.
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CHAPTER 6 
THE LOAD DURATION FACTOR
Like wood, plastic lumber can support higher loads for short durations. For 
wood, the normal duration of load is taken as 10 years (NDS.1997). The tabulated 
design stress values are developed for normal load duration and these values are 
adjusted for the actual duration of service loads by the application of a Load Duration 
Factor (LDF). The LDF can be defined as the ratio of the sustained stress which 
induces failure at a given time, t , and the sustained stress which induces failure at 10 
years. Table 6.1 summarizes the LDF used in the design of wood structures.
Table 6.1 The Load Duration Factor for Wood Structures (NDS, 1997)
Load Duration Application LDF
Instantaneous Impact 2.00
10 minutes Seismic and High Wind 1.60
1 day Wind 1.33
7 days Roof LL 1.25
2  months Snow 1.15
10 years Normal Floor LL 1.00
Permanent Permanent DL 0.90
Structures are generally loaded by a combination of loads with different 
durations. The LDF is applied to all the stresses and the controlling LDF is the one 
corresponding to the load with the shortest duration in the combination of loads, i.e. 
the largest LDF corresponding to a load in the combination is used in design.
Similar to the LDF used in wood design, a LDF for plastic lumber design can 
be generated for design flexural stress. ASTM D-6109-97, “Standards Test Methods 
for Flexural Properties of Unreinforced and Reinforced Plastic Lumber”, defines
143
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flexural strength as a stress at 3% strain rather than modulus of rupture. In ductile 
virgin polymers, the failure or strength of the material is considered at 5% strain if the 
material does not break before this strain level. However, a smaller strain level is used 
to define the flexural strength of plastic lumber. It is pertinent to point out that the 
deformation is very high at strains in excess of 3% and as such they do not have any 
practical application. The strain levels in plastic lumber corresponding to standard 
design serviceability criteria is only about 0.13% (based on the serviceability limit 
L/240), which is far below the 3% strain corresponding to flexural strength.
The LDF is developed in this chapter for three different cases. In these three 
cases flexural strength is defined as stress at 1%, 2%, and 3% strain. Only the 
discussion related to 3% strain is important since plastic lumber flexural strength 
corresponds to this case.
To obtain the LDF for plastic lumber, creep tests were conducted on 35 
specimens at seven different stress levels and at a test temperature of 100 °F. The 
stress levels and the temperature were chosen to obtain strains of 1% , 2%, and 3% 
within a 1000-hour period. The temperature of 100 °F was used because plastic 
lumber used in outdoor applications is subjected to this high service temperature. The 
3% strain could be achieved only at high stress levels in excess of 500 psi. The 
results obtained from the creep tests are shown in Table 6.2. This table shows the 
time required in hours to achieve a given strain level under a given stress. For the 3% 
strain, some values were computed using the prediction techniques proposed in the 
previous chapter.
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Table 6.2 Time in Hours Required to Induce a Strain Level at Different Stress Levels
Stress Time ( hrs)
(psi) 1% Strain 2% Strain 3% Strain
262 991.00 • -
415 2.67 - -
524 0.77 400.00 -
588 0.08 50.00 57766.00
669 . 9.40 3084.60
749 • 1.89 148.28
830 - 1.25 77.48
With these experimental values, the following power law equations that
express stress as a function of time for a predetermined strain level are obtained by
statistical analysis and are given as follows:
Stress level to induce 1% strain at a given time t:
a  = 480t"° 0887 (6.1)
Stress level to induce 2% strain at a given time t:
a  = 807t"° 0758 (6.2)
Stress level to induce 3% strain at a given time t:
a  = 986t“° 0477 (6.3)
where
a  = stress in psi to induce desired strain at time t 
t=time in hours to achieve desired strain.
With equation 6.1, 6.2, and 6.3, the stress required to achieve a desired 
limiting strain at a given time can be determined. The computed stress can be 
interpreted as the strength of plastic lumber (defined by a desired strain level)
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corresponding to a given duration of loading. Table 6.3 shows the values of the 
stresses obtained at different times of interest to compute the LDF.
Table 6.3 Stress Values to Achieve a Desired Strain Level in a Given Time
Duration of Load
Stress (psi) Level to Achieve Desired Strain
Desired Strain
1% 2% 3%
1 minute 690.06 1100.50 1198.54
10 minutes 562.58 924.26 1073.87
1 day 362.09 634.24 847.31
7 days 304.69 547.26 772.20
2 months 251.82 465.02 696.98
1 year 214.56 405.54 639.47
10 years 174.92 340.59 572.95
To obtain the LDF, these stress values must be divided by the stress 
corresponding to a 10 year duration. Based on the values of Table 6.3, the LDF 
values corresponding to different limiting strain levels are shown in Table 6.4.





1 minute 3.95 3.23 2.09
10 minutes 3.22 2.71 1.87
1 day 2.07 1.86 1.48
7 days 1.74 1.61 1.35
2  months 1.44 1.37 1.22
1 year 1.23 1.19 1.12
10 years 1.00 1.00 1.00
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Regression equations for the LDF as a function of time at any of these three 
limiting strain levels are given as:
L D F i% = 2 .7 4 t - ° 0687 (6.4)
LD F 2% - 2 . 3 7 t ' ° 0758 (6 ,5 )
LD F3% = 1 , 7 2 f °  0477 (6.6)
As an alternative to the previous equations, the graphs given in Figure 6.1 can
be used to obtain the LDF. The LDF is temperature independent because the
temperature only shifts the stress values and when they are normalized at 10 years, 
the LDF will be the same at any temperature. After 10 years, the LDF does not 
change much and can be taken as 0.9, as for wood. This is the first work undertaken 
to develop the LDF for plastic lumber. The Load Duration Factors (LDFs) for plastic 
lumber are similar to those specified for wood and similar design procedures can be 
proposed with the idea that any design using plastic lumber can follow the same 
design methodology as wood.
It is important to note that the LDFs for plastic lumber at a limiting strain of 3% 
are similar to the LDFs for wood in most cases. The LDF for plastic lumber and wood 
are compared in Table 6.5. It is interesting to note that these factors are similar for 
two very different materials.










Figure 6.1 The Load Duration Factor for Plastic Lumber at Different Strain Levels
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Table 6.5 Comparison of the Load Duration Factors for Plastic Lumber and Wood
Load Duration Application
Load Duration Factor
Plastic Lumber * Wood
Instantaneous Impact 2.09 2.00
10 minutes Seismic and High Wind 1.87 1.60
1 day Wind 1.48 1.33
7 days Roof LL 1.35 1.25
2 months Snow 1.22 1.15
10 years Normal Floor LL 1.00 1.00
Permanent Permanent DL 0.90 0.90
* Failure in Plastic Lumber is assumed to correspond to a maximum strain of 3%.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
The investigation of the creep response of plastic lumber is of significant 
importance because it is fundamental to the design of structural members under 
long-term loading. The information obtained from short-term tests is not sufficient for 
the design of plastic lumber elements. The response of plastic lumber under 
short-term loading can be considered elastic under small deformations but the 
long-term behavior is viscoelastic.
The deformation of plastic lumber is time, temperature, and stress dependent. 
In this investigation, it is shown that the deformation of 2x4 and 2x6 plastic lumber 
members under sustained loads can be many times the initial deformation. In this 
investigation the influenced of time, temperature, and stress on creep response are 
carefully demonstrated. For the 2x4 and 2x6 members, in only 700 hours, the 
deformation increases almost 3 times the initial deformation. In a temperature change 
from 63 °F to 100 °F, the deformation increases almost two times the initial value for 
the same loading. The creep response of plastic lumber is proportional to the stress 
level. The stress levels used in the test program are significantly higher than the 
normal design stresses for plastic lumber. The response of plastic lumber at the stress 
levels used in the tests is almost linear viscoelastic. Thus, the in-service deformation 
response of plastic lumber under sustained loads will be linear viscoelastic. The creep 
modulus depends on the deformation and therefore is time and temperature 
dependent. The creep modulus decreases with increasing time and temperature. The 
creep modulus was found to be independent of the sustained stress.
150
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This study investigated the best models for predicting the creep response of 
plastic lumber. The models represented take into account the temperature and stress 
effects and are valuable. The methodology presented to develop a good model for 
predicting creep response is useful not only for plastic lumber but also for polymers.
Mechanical models which are based on mechanical analogs are presented to 
physically represent the creep response. These models can be used for durations up 
to three times the test duration. These models incorporate springs and dashpots, and 
each of these elements represents a parameter to be determined. The four-parameter 
mechanical element models the true creep response of plastic lumber. Plastic lumber, 
like any other polymer, is a very complex material and the four-parameter model has 
certain limitations. Based on the results of this investigation it can be concluded that 
the models based on power laws are very suitable for predicting the creep response 
of plastic lumber.
The creep tests are expensive and difficult to perform when the temperature 
has to be controlled. To reduce this effort, this study investigated the optimum test 
duration for developing satisfactory models. Different sets of partial data were used to 
find the parameters for the creep equations and these were compared with those 
obtained using the completed experimental data. It was found that 700 hours of test 
data was sufficient in most cases to obtain reliable parameter values. In the creep 
literature it is recommended that predictions should be limited to one logarithmic cycle 
after the data range. This investigations shows that predictions for plastic lumber can 
be made for more than one logarithmic cycle with confidence. These predictions can 
be made for strain levels up to 3% strain. This strain level is very high compared to 
the 0.13% strain (based on the deflection limit of U240) allowed by the construction
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codes. Therefore, for actual situations in which plastic lumber is utilized, reliable 
predictions can be made.
Plastic lumber resists higher loads for short durations of time and its strength 
depends on the duration of load. In this investigation, the Load Duration Factor for 
plastic lumber is proposed for three different failure criteria, i.e. different limiting strain 
conditions. The ASTM D-6109-97 defines flexural strength as the stress at 3% strain. 
Therefore, the Load Duration Factor obtained based on a 3% limiting strain value is of 
particular importance. The predictive creep models and Load Duration Factors will be 
helpful in developing strength and serviceability design guidelines for plastic lumber.
Based on this study, the following recommendations for future research are 
being made:
1. Investigate the creep response at temperatures below 63 °F and above 100 
°F. This will be useful in particular to understand the behavior at extreme service 
temperatures present in certain regions of the country.
2. Investigate creep behavior of products from different manufacturers and for 
longer durations of time.
3. Investigate further the Load Duration Factor using the proposed 
methodology. Lower and higher stress levels than the ones used in this investigation 
can be used to obtain a better curve.
4. Perform additional creep tests at typical design stress levels to validate the 
predictive methods presented in this study.
5. Evaluate the strain in plastic lumber experimentally to better understand the 
members response.
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